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As the agricultural sector is faced with providing sufficient nutritious and affordable food for 
the global population, the need for more sustainable agricultural practices is highlighted. One 
of the ways to improve the sustainability of the overburdened agricultural sector is the use of 
feed ingredients that have a reduced impact on the environment, while still optimising 
production. The black soldier fly (Hermetia illucens) has been well researched as a protein 
source for both animal feed and human consumption, as it could augment more traditional 
protein sources such as soybean meal, which has a large environmental impact. The black 
soldier fly larvae are also high in lipids and have the potential to be utilized as a source of 
energy in the form of fatty acids. The use of black soldier fly larvae as a lipid source is 
however less well researched. Studies have shown that the larval fatty acid profile is affected 
by multiple factors including: nutrition, age and environmental conditions. In recent years, 
numerous studies have investigated the effect that the rearing substrate composition has on 
the larval fatty acid profile. The systematic review performed as part of this study aimed to 
consolidate and compare the findings of published research regarding this effect. Meta-
analyses were incorporated into the systematic review to determine to which extent the 
concentrations of the individual fatty acids in the larval fatty acid profile are affected by the 
rearing substrate composition. The results suggested that black soldier fly larvae’s 
importance as a source of lipids and the effect that nutrition has on their fatty acid profile is 
recognised by researchers globally and that the interest in the topic has increased in recent 
years. It did however also show that there is a lack of standardisation in terms of larval 
rearing trial methodologies, which has a potential impact on the larval fatty acid profile. The 
findings of the systematic review clarified to which extent the larval fatty acid profile can be 
changed through changes in the rearing substrate composition. The meta-analysis results 
indicated that the concentrations of many of the fatty acids are significantly affected by the 
rearing substrate composition. The largest effect was found for the lauric acid concentration. 
Subsequently the level of saturation, in other words the total amount of saturated-, 
monounsaturated- and polyunsaturated fatty acids, are also significantly affected by the 
rearing substrate composition. This information could contribute to more dynamic larval 
nutrition thereby tailoring the larval fatty acid profile to its intended purpose, whether that be 






Soos wat die landbou sektor streef om voldoende voedsame en duursame voedsel te 
voorsien aan die populasie, word die nood vir meer volhoubare landbou praktyke 
beklemtoon. Een van die maniere hoe volhoubaarheid van ‘n alreeds oorbelaste landbou 
sektor kan verbeter, is deur die gebruik van voerbestandele wat ‘n verminderde impak op die 
omgewing het en steeds produksie optimaliseer. Die venstervlieg (Hermetia illucens) is ‘n 
insekspesie wat al baie nagevors is as ‘n proteïenbron vir beide voer en menslike gebruik. 
Dit verteenwoordig ‘n aanvulling vir meer tradisionele proteïenbronne soos soja, wat ‘n groot 
impak op die omgewing het. Die venstervlieg larwes bevat ook baie lipiedes en het die 
potensiaal om gebruik te word as a bron van energie in die vorm van vetsure. Daar is egter 
minder navorsing gedoen op die gebruik van venstervlieg larwes as a lipied bron. Studies 
het al gewys that die larwes se vetsuurprofiel geaffekteer word deur meerdere faktore, 
insluitende voeding, ouderdom en omgewingstoestande. In die afgelope paar jaar is daar 
meer studies gedoen wat gefokus het op die effek van die groeisubstraatkomposisie op die 
larwes se vetsuur profiel. Die stelselmatige literatuurstudie wat deel gevorm het van hierdie 
studie het daarop gefokus om die bevindings van gepubliseerde navorsing te konsolideer en 
vergelyk. Meta-analises was ook geïnkorporeer om te bepaal tot watter mate die 
konsentrasies van die individuele vetsure beïnvloed word deur die groei susbtraat-
komposisie. Die resultate het aangedui dat daar wêreldwye belangstelling is in die 
venstervlieg larwes se potensiaal as ’n bron van lipiede en die effek wat voeding het op hulle 
vetsuur profiel. Dit het egter ook daarop aangedui dat daar ‘n gebrek aan standaardisering is 
in terme van die metodologieë wat geïmplimenteer word tydens die groeiproewe. Hierdie 
metogologiese variasies kan ook ‘n invloed hê op die larwes se vetsuur-profiel. Die 
stelselmatige literatuurstudie se bevindings verduidelik hoe die vetsuur-profiel van die larwes 
verander kan word deur wysigings aan te bring in the groeisusbtraatkomposisie. The meta-
analise se resultate het aangedui dat die konsentrasie van meeste van die individuële 
vetsure beïnvloed word deur die groeisubstraatkomposisie. Die grootste effek was gesien by 
lauriensuur. Gevolglik is dit ook moontlik om die vetsuur-profiel se vlak van versadiging, met 
ander woorde die konsentrasie van die versadigde, mono-onversadigde en poli-
onversadigde vetsure, te beïnvloed deur wysigings aan te bring in die groeisubstraat. Hierdie 
inligting kan hopelik bydra tot meer dinamiese larwevoeding. Daardeur is dit dan moontlik 
om die larwes se vetsuurprofiel aan te pas vir hulle uiteindelike doel, al is dit voer, kos of 
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BSFL Black soldier fly larva 
CI Confidence interval 
DF Degrees of freedom 
DHA Docohexaenoic acid 
DPA Docosapentaenoic acid 
EPA Eicosapentaenoic acid 
FA Fatty acid 
MUFA Monounsaturated fatty acid 
PICOS Population, intervention, comparator, outcome, study design 
PRISMA Preferred reporting items for systematic reviews and analyses 
PUFA Polyunsaturated fatty acid 
SD Standard deviation 
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In 2015 the global community committed to the goal of ending hunger, food insecurity and 
malnutrition by 2030 (FAO et al., 2021). Since the agreement was made, food security has 
steadily increased every year. Unfortunately, the COVID-19 pandemic led to a drastic 
decline in food security in 2020. In that year between 720 and 811 million people faced 
hunger, which was an increase of 118 million from the previous year (FAO et al., 2021). The 
problem was especially prominent in developing regions such as Africa and Latin America. 
Outside of the pandemic, there are four major factors that negatively impact food security: 
conflict, climate variability, economic slowdowns and downturns and unaffordability of 
healthy food (FAO et al., 2021).  
 
The importance of concepts such as sustainable agriculture and circular economies are 
being increasingly recognised globally as the world tries to achieve these food security 
goals, while mitigating the negative effects of climate change, which are exacerbated by 
human activity.  
 
The livestock production sector, along with other food production sectors, is charged with the 
challenge of producing sufficient amounts of affordable nutritious food in a sustainable 
manner. Besides the previously mentioned factors and a growing global population, this 
challenge is compounded by the increased scarcity of resources (Barragan-Fonseca et al., 
2017). The scarcity of these resources in turn leads to increased competition between 
human food and animal feed for valuable resources such as fish oil, soybean meal and 
grains (Van Huis, 2013). 
 
Now more than ever, animal nutritionists are trying to formulate feeds that incorporate more 
sustainable raw materials. Insects have been identified as showing promise in this regard. 
Insects such as the black soldier fly (Hermetia illucens) can be reared on organic waste and 
by-products and have the ability to convert these low grade wastes into nutrient rich insect 
biomass (Surendra et al., 2020). Black soldier fly larvae (BSFL) are rich in proteins and lipids 
and are characterised by a high feed conversion efficiency and growth rate (Van Huis, 
2013). Thus far they have predominantly been utilized as a protein source, but their lipids 




Lipids make up the second largest component of insects’ composition after protein and is 
their main source of energy (Barragan-Fonseca et al., 2017). Insects’ lipid content and fatty 
acid profile are influenced by a number of factors, including species, life stage, nutrition and 
rearing conditions (St-Hilaire et al., 2007; Liu et al., 2017; Kawasaki et al., 2019). Some of 
these factors, such as nutrition and rearing conditions, can be manipulated to some extent to 
change the fatty acid profile of the larvae to more closely meet the fatty acid requirements of 
their intended use.  
 
Black soldier fly larvae are reared until either the final larval stage or the prepupal stage. 
Also known as the fifth and sixth instar, respectively. Numerous research has been 
published on the influence of the composition of the rearing substrate on the BSFL lipid 
content and fatty acid profile (Danieli et al., 2019; Truzzi et al., 2020; Schreven et al., 2021). 
The general conclusion among publications has been that the fatty acid profile of the larvae 
is influenced by the rearing substrate composition, but there is less clarity as to which extent 
the concentrations of the individual fatty acids can be affected by nutritional changes. 
 
The purpose of this study was to determine the extent of the effect of the rearing substrate 
composition on the BSFL fatty acid profile. A systematic review was undertaken with the 
objective to consolidate and compare primary research findings, thereby producing more 
accurate results and identifying gaps in the knowledge (Higgins et al., 2019). Meta-analyses 
were performed as a part of the systematic review as a way to incorporate empirical data 
regarding the changes in concentration of individual fatty acids in the BSFL fatty acid profile 
as a response to changes in the rearing substrate composition. The meta-analyses were 
incorporated into this study as it is a way of statistically combining quantitative results, 
specifically the changes in the concentrations of individual fatty acids, from different studies 
and thereby providing more accurate results. The systematic review of published research 
would potentially elucidate the extent to which the topic has been researched and which 
specific research questions have not been addressed yet, thereby identifying research 
projects that should still be undertaken. 
 
The consolidated research reported in this study could assist in the development of more 
dynamic BSFL rearing substrate formulation to facilitate optimal BSFL production for animal 
and human consumption. Thereby contributing to global goals of food security and a more 
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A systematic review is a research approach whereby a researcher can collect and 
consolidate all the data from relevant literature in an attempt to answer a specific research 
question (Gough et al., 2019, Lasserson et al., 2019). It is therefore referred to as secondary 
research, where observational studies and studies involving randomised control trials are 
referred to as primary research. Eligibility criteria for the inclusion of studies in the review are 
prespecified to minimize selection bias and provide more reliable findings to assist in 
answering the research question. The systematic process is intended to allow for more 
objective findings and conclusions. 
 
This study follows the systematic review protocol developed by the Cochrane Collaboration 
and described in the Cochrane Handbook for Systematic Reviews of Interventions (Higgins 
et al., 2019c). The Cochrane Collaboration is an international not-for-profit organisation that 
undertakes and publishes systematic reviews focused on health care research (Green et al., 
2008). Their medically focused systematic reviews form an important part of evidence based 
healthcare (Sauerland & Seiler, 2005). The protocol developed for systematic reviews by the 
collaboration is also employed in other research fields (Weru et al., 2021). The Cochrane 
Collaboration protocol was chosen for this review as it was found to be well documented and 
the handbook provided a step by step guide, including considerations and cautions that 
should be taken. 
 
2.1 Systematic review steps 
 
The systematic review protocol is broken down into a number of steps. The steps were 
performed in the required sequences, though some contiguous steps did overlap at times. 
Each step and the overlaps are discussed in detail in this chapter. The protocol steps are: 
 
1. Formulation of the review question 
2. Determination of the eligibility criteria 
3. Literature search 
4. Data collection 




7. Review synthesis 
 
2.2 Step 1 - Formulation of the review question 
 
The aim of a systematic review is to address an answerable research question and fill gaps 
in scientific knowledge (Lasserson et al., 2019). The review question functions as a guide for 
the conduction of successive steps and therefore the aim of the review should be 
incorporated into the question. The review question condenses the review aim and 
objectives into a single sentence. Systematic review questions are divided into two 
categories: broad scope and narrow scope questions. Both have advantages and 
disadvantages. A broad scope question could result in a comprehensive summary of 
evidence, but may require more resources to perform. A narrow scope question could result 
in a manageable amount of data, but the evidence may be inadequate to provide a 
meaningful answer (Thomas et al., 2019). The construction of a comprehensive review 
question consists of several components, which are encapsulated by the acronym PICOS. 
The acronym stands for Population, Intervention, Comparator, Outcome and Study design 
(Thomas et al,. 2019). In order to formulate the review question, each of these components 




The population is a comprehensive description of the group of study subjects that the review 
will focus on (McKenzie et al., 2019).  It should be defined in terms of important 
characteristics such as species, age, sex, etc. The definition of the population should 
however be in a broad enough sense to consider possible diversity of available studies, 
while simultaneously being narrow enough to ensure that the review question is answerable 
(McKenzie et al., 2019). For this study the population was defined as: 
 
- “Black soldier fly larvae (BSFL)/Hermetia illucens harvested at the fifth and/or sixth 
instar” 
 
The species “black soldier fly larvae/Hermetia illucens” was specified as this was the only 
insect species of interest in this review. The fifth and sixth instar, also known as the last 
larval and pre-pupal stages, respectively, were chosen as they are the last developmental 
stages before the larvae stop feeding and pupate. They are also the most common 
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harvesting stages used for both research and industrial purposes and therefore the most 




The intervention refers to the experimental treatments that were tested by the publications 
that are considered for inclusion in the review (McKenzie et al., 2019). Interventions are 
intrinsically complex and therefore the review question should define the intervention of 
interest broadly to be able to include variations of the intervention (McKenzie et al., 2019). 
The variations of the intervention are inspected during a later step of the review process and 
judgments on their inclusion and relevance are made then. For this study the intervention 
was defined as: 
 
- “Formulated rearing substrates or specifically selected substrate ingredients fed to 
the black soldier fly larvae” 
 
The rearing substrates refer to any BSFL feeds that were formulated with the intention of 
altering the nutritional composition of the BSFL. The BSFL lipid metabolism functions 
similarly to that of non-ruminants in terms of the bioaccumulation and biosynthesis of fatty 
acids (Pastor et al., 2015). Their fatty acid profile is consequently influenced by the 
composition of the rearing substrate. The intervention was therefore defined as stated above 
to specify that the review would investigate evidence of changes in the BSFL fatty acid 




The comparator is an extension of the intervention as it refers to the specific comparisons 
made between the treatment groups (McKenzie et al., 2019). The comparator describes the 
type of measurements made to determine the intervention effectiveness. For this study the 
comparator was defined as: 
 
- “The fatty acid profile of the harvested black soldier fly larvae (BSFL)” 
 
The defined comparator refers to the concentrations of individual fatty acids in the context of 
the total amount of fatty acids (% of total fatty acids) detected in the BSFL after they were 
reared on substrates with different compositions. In recent times animal nutrition research 
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has shifted its focus from simply trying to increase or decrease feed/food lipid content to 
manufacturing feed/food with specific fatty acid profiles that are tailored to the fatty acid 
requirements of the consumer, be that production-animals or humans. As previously stated, 
the BSFL lipid metabolism pathways are similar to those of non-ruminant animals and 
therefore influenced by the rearing substrate composition. This comparator would therefore 
allow for the collection of empirical data regarding the influence of rearing substrate 




The outcome refers to the specific differences in intervention measurements between 
intervention groups (McKenzie et al., 2019). An outcome is chosen with the purpose of 
identifying applicable data that could contribute to the review objectives. It functions as a 
complement to the defined intervention and comparator. For this study the outcome was 
defined as: 
 
- “Any changes in the concentrations of individual fatty acids in the BSFL due to 
changes in the rearing substrate composition” 
 
The outcome was defined as stated above to specify the inclusion of studies that identified 
any changes in the concentration of individual fatty acids in the BSFL. The limitation of 
changes specifically due to rearing substrate composition was indicated to allow for the 
collection of empirical data that are sufficiently related for comparisons of interest. 
 
2.2.5 Study design 
 
The study design refers to the type of studies in terms of the experimental design that would 
be considered for inclusion in the systematic review (McKenzie et al., 2019). Some study 
designs are more likely to provide relevant and reliable data than others in terms of a 
specific research question. For this study the study design was defined as: 
 




This specification was made to allow the consolidation of data from different studies and the 
comparison of the effects of different interventions on the outcomes of different treatment 
groups. Other study designs, such as observational studies and literature reviews, do not 
necessarily allow for these comparisons. 
 
After each component was defined, the review question was composed as follows: 
 
“A systematic review to assess the effect of rearing substrate composition on the fatty acid 
profile of black soldier fly larvae (Hermetia illucens) when harvested at either the fifth or sixth 
instar.” 
 
2.3 Step 2 - Determination of the eligibility criteria 
 
Eligibility criteria are study characteristics that are used to determine if studies would be 
included in a systematic review (Lefebvre et al., 2019). The eligibility criteria are specified 
before searching for and selecting studies for inclusion. This aspect distinguishes systematic 
reviews from literature reviews found in primary research publications (McKenzie et al., 
2019). Therefore, the eligibility criteria for this review were determined before the literature 
search was performed. The criteria were divided into two categories: inclusion criteria and 
exclusion criteria. 
 
The inclusion criteria refer to a list of defined criteria that was used to form the basis of the 
key search phrases during the literature search step (Table 2.1). The criteria were kept to a 
minimum to reduce possible biases during the literature search that could arise from 
narrowing the scope of the search too much, possibly missing studies that could contribute 
to the review. 
 
Table 2.1: Criteria used to determine inclusion of studies in this systematic review 
Inclusion criteria 
Studies focused of use of insects in the field of nutrition, waste management or biofuel synthesis 
Studies that include black soldier fly larvae 




The exclusion criteria comprised of a list of criteria that was used to exclude studies during 
the selection step of the review (Table 2.2). The criteria were used to determine each 
identified study’s relevance to the scope of the review question and studies were 
subsequently excluded from the review if they were characterised by any of the criteria. For 
this study the list of exclusion criteria was more extensive than the list of inclusion criteria as 
it was used to reduce the number of identified studies to only include those that were 
deemed applicable to the review scope. 
 
Table 2.2: Criteria used to determine exclusion of studies in this systematic review 
Exclusion criteria 
Aquaculture nutrition research without black soldier fly larvae rearing trials 
Ruminant nutrition research without black soldier fly larvae rearing trials 
Non-ruminant nutrition research without black soldier fly larvae rearing trials 
Consumer survey research 
Meat science focused research without black soldier fly larvae rearing trials 
Insect nutrition research that excluded black soldier fly larvae 
Microbiology research without nutritional composition analysis 
Processing technology and methodology research 
Immunology research 
 
2.4 Step 3 - Literature search 
 
Once the review question was defined and the eligibility criteria determined, the next step 
was to perform the literature search. This step consisted of the identification of relevant 
databases to use for the search, the selection of key search phrases that would provide the 
most comprehensive list of publications, and recording the number of publications identified 
through each database (Lefebvre et al., 2019). An information specialist at the Stellenbosch 
University library, Elizabeth Will-Mollard, was consulted before the searches were 
performed. 
 
Three databases were selected for the literature search: Scopus, Web of Science and CAB 
Abstracts. It was determined that these three databases would be sufficient to produce the 
least biased and most comprehensive record of relevant publications. Google Scholar was 
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excluded as a database as the search engine does not have a screening procedure or peer 
review process for publications and journals and therefore its inclusion might introduce a 
bias.  
 
After the databases were selected, the key search phrases were defined. Only three key 
search phrases were chosen and no limitations or filters were used during the searches. 
Limitations and filters were omitted as they could introduce a bias. For this study the 
following key search phrases were selected based on the prespecified inclusion criteria: 
“black soldier fly”/ “Hermetia illucens” and “fatty acid”. The number of publications provided 
by each database was recorded and is presented in Table 2.3. Once the initial searches had 
been performed, a publication alert was set up that would send a notification of all new 
publications that were linked to the key search phrases. These publications were individually 
screened using the same methodology reported in the study selection step of this review. 
 
Table 2.3: Number of records identified during literature search of three databases 
Database Number of records 
Scopus 1037 
Web of Science 779 
CAB abstracts 122 
Total 1938 
Total after removal of duplicates 1518 
 
2.5 Step 4 - Study selection 
 
The literature search was followed by the study selection step. The study selection protocol 
implemented in this review was based on the Preferred Reporting Items for Systematic 
Reviews and Analyses (PRISMA) protocol as defined by Moher et al., (2015). The protocol is 
simplified in the form of a flow diagram (Figure 2.1). The study selection step used the 
prespecified exclusion criteria to reduce the number of studies to only those that were 
relevant to the review. The study selection step was divided into four phases: Identification, 







The identification phase overlaps with the last part of the literature search step as it entails 
the identification of the publications acquired from the databases (Lefebvre et al., 2019). The 
publication records were imported to the Mendeley referencing management software 
version 1.19.8 (2021). The records were compared using the software and duplicates were 




The screening phase consisted of screening the identified publications using the 
prespecified exclusion criteria (Table 2.2). The publications were individually inspected and 
compared to the criteria and were then either noted as being viable for use in the review or 
excluded if they were characterized by any of the exclusion criteria (Lefebvre et al., 2019). 
The screening was first performed only on the publication titles and studies were 
subsequently excluded. The screening was then repeated on the publication abstracts and 
again publications were excluded. The remaining number of publications were noted and 




The eligibility phase is analogous to the screening phase as it involved comparing the full 
texts of the remaining publications to the exclusion criteria and determining their applicability 
to the review scope (Lefebvre et al., 2019). Their outcomes and reported analyses were also 
examined in terms of their relevance to the review question. The eligibility phase concluded 




The last phase of the study selection involved classifying the included publications into two 
categories. The first category comprised of the publications that would be included in the 
qualitative aspect (narrative) of the review and included all the studies that were deemed 
relevant after the eligibility phase. The second category was a subset of the first as it 
consisted of the publications that would be included in the quantitative aspect (meta-
analysis) of the review. Each publication was assessed in terms of their analytical results to 
determine if they contained the analytical data required for the meta-analysis. The list of 
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included publications can be seen in Appendix A (Table A 1). Appendix A also includes an 


































Figure 2.1: Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow 
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2.6 Step 5 - Data collection 
 
This step involved the collection of all data from the set of included studies regarding 
methodology, study subjects, setting, context, interventions, outcomes, results, publication 
and authors (Li et al., 2019). In order to do this, two Google forms were developed to ensure 
that all relevant data would be collected. The first form was used to collect qualitative data, 
which were data regarding publication details and the narrative of the studies. The form was 
divided into different sections, each with a list of questions regarding that section’s details. 
The form is illustrated by Table 2.4. 
 
Table 2.4: Google form for qualitative data collection 
Publication details 
Questions Options (if applicable) 
Record ID  
Publication title  
Authors  
Contact details  
Publication year  
Publication journal  
Country of first author affiliation  
Confirmation of inclusion in systematic review - Yes / No / Unclear 
Comments regarding publication details  
Methodology 
Research focus - Feed and/or food 
- Waste management 
Study design - BSFL rearing trial 
- BSFL samples bought and analysed 
- Literature review 
Randomised control trial - Yes / No / Unclear 




Table 2.4: Continued 
Methodology 
Rearing environment - Laboratory 
- Mass rearing environment 
- Other 
BSFL purged before harvest - Yes / No / Unclear 
Killing method - Heat / Cold / Unclear 
Comments regarding methodology  
Participants – black soldier fly larvae 
Total number of BSFL  
Life stage at harvest - Larval stage 
- Pre-pupal stage 
- Both larval and pre-pupal stage 
- Unclear 
Age at harvest (in days)  
Comments regarding BSFL  
Interventions 
Number of intervention groups  
Specific regarding intervention group treatments  
Length of intervention (doses and timing)  
Number of substrates  
Number of BSFL in each intervention group  
Inclusion of manure in interventions - Yes / No / Unclear 
Comments regarding interventions  
Outcomes 
Publication outcomes and possible time points collected  
Definition of outcomes  
Unit of measurement  
Outcomes correspond with systematic review outcomes - Yes / No / Unclear 
Comments regarding outcomes  
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Table 2.4: Continued 
Results 
Number of BSF analysed in each intervention group  
Total sample size  
Details regarding summary data  
Substrate formulation included - Yes / No / Unclear 
Substrate proximate composition included - Yes / No / Unclear 
Substrate fatty acid profile included - Yes / No / Unclear 
BSF proximate composition included - Yes / No / Unclear 
BSF fatty acid profile included - Yes / No / Unclear 
Comments regarding results  
Discussion and conclusion 
Effect discussed  
Conclusion of publication  
Inclusion in meta-analyses - Yes / No / Unclear 
Comments regarding discussion and conclusion  
 
The second data collection form was designed for the collection of quantitative data, 
specifically the BSFL fatty acid profile reported by the studies. An example of the data 
collection format is shown in Table 2.. These data were collected for meta-analysis 
purposes. The format in which the publication results were reported (mean ± SD or mean  
± SE), the measurement unit and the analysis sample sizes were recorded (Higgins et al., 
2019a). 
 
Table 2.5: Example of quantitative data collection form 
Treatment group Treatment group 1 
Fatty acid mean SD SE measurement unit 
Lauric acid (C12:0)     
Myristic acid (C14:0)     




2.7 Step 6 - Risk of bias assessment 
 
The risk of bias assessment is also referred to as the assessment of methodological quality. 
It is used to determine the degree of bias in a publication that could lead to bias in the 
systematic review. Biases are divided into five categories: selection bias, performance bias, 
attrition bias, detection bias and reporting bias (Higgins et al., 2019b). These categories and 
the strategies developed to determine the risk of bias were developed specifically for 
systematic reviews of medical and health care studies. It was developed due to the high risk 
of bias in these studies because of the amount of people involved in the conduction of the 
studies, be that medical professionals, patients or intervention administrators. Another 
reason for the development is the practical limitations in health care studies such as only 
being able to conduct observational studies as opposed to randomised control trials, which 
are intrinsically more biased (Boutron et al., 2019). It is also due to the importance of 
accuracy in health care systematic reviews as their findings are implemented in evidence-
based health care and could potentially influence a patient’s medical treatment and health. 
 
Animal nutrition and agricultural science studies are less prone to these kinds of biases. 
Firstly, research studies are designed beforehand specifically to minimize bias by 
incorporating randomization in trial designs. There is also transparency afforded to the 
research through the reporting of methodology, which further reduces bias. 
 
The quantitative data collected for this review consisted of chemical analysis results that is 
less prone to biases than other forms of data. Therefore, it was deemed unnecessary to 
perform a risk of bias assessment of the included publications. 
 
2.8 Step 7 - Meta-analysis 
 
The quantitative data, specifically the black soldier fly larval (BSFL) fatty acid profile data, 
was collected during the data collection step for the purpose of performing meta-analyses. 
The concentrations of each detected fatty acid and the treatment group details were 
collected from each publication. Thereafter all data pertaining to an individual fatty acid were 
consolidated in subgroup datasets. This was done to allow for a meta-analysis to be 




The systematic review software Review Manager version 5.4.1 (2020) was used to perform 
random-effects meta-analyses. The random-effects meta-analysis incorporates the 
assumption that the different studies estimated different, although related, intervention 
effects (Deeks et al., 2019). While a fixed-effects meta-analysis assumes that there is one 
true effect, a random-effects meta-analysis assumes that there is a distribution of true effect 
sizes. The combined effect (average effect size) therefore represents the mean of the 
population of true effects. This allows the meta-analysis to address heterogeneity among the 
intervention effects.  
 
Each meta-analysis consisted of a comparison of the fatty acid (FA) concentration 
differences reported by each publication. The input data for each publication was the 
analysis sample size, the mean concentration value and its standard deviation (SD) of the 
treatment group that reported the lowest concentration and the treatment group that reported 
the highest concentration. This allowed for the calculation of the largest difference in 
concentration reported by each publication. In cases where a publication reported the 
standard error (SE) instead of the standard deviation, the SD was calculated by using 
Equation 2.1 (Deeks et al., 2019), where SE represents the standard error reported for the 
mean concentration and 𝑛𝑛 represents the analysis samples size for that treatment group. 
 
Equation 2.1: Standard deviation calculation 
 
𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆 ×  √𝑛𝑛 
 
For each publication the software calculated an intervention effect size, also referred to as 
the difference in means, reported as a difference in concentration (% of total FA) and a 
confidence interval. In order to calculate the average effect size, the intervention effects 
were first weighted by the inverse of its variance. The random-effects meta-analysis 
incorporates the within-study variance and the between study variance, which is known as 
Tau2. The weights are assigned using Equation 2.2, where 𝑊𝑊𝑖𝑖 is the weight given to study  








Equation 2.2: Study weight calculation 
 





The weighted average effect size, 𝑊𝑊� , was then computed by using Equation 2.3 , where 𝑌𝑌𝑖𝑖 is 
the intervention effect and 𝑊𝑊𝑖𝑖 is the weight assigned to that intervention effect. The average 
effect size was then reported with an accompanying confidence interval (Deeks et al., 2019). 
 
Equation 2.3: Average effect size calculation 
 





Once the average effect size was calculated. The statistical tests for the overall effect and 
the heterogeneity were performed. The heterogeneity statistics consisted of the Chi2 test, the 
Tau2 statistic and the 𝐼𝐼2 statistic. The Chi2 test was performed and is simplified by Equation 
2.4, where 𝑇𝑇𝑖𝑖 is the squared deviation of each study. 
 
Equation 2.4: Chi2 test statistic calculation 
 





The Chi2 statistic, also referred to as 𝑄𝑄, was then accompanied by its degrees of freedom 
(df) which was calculated using Equation 2.5. 
 
Equation 2.5: Degrees of freedom calculation 
 
𝑑𝑑𝑑𝑑 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑑𝑑 𝑠𝑠𝑠𝑠𝑁𝑁𝑑𝑑𝑖𝑖𝑁𝑁𝑠𝑠 − 1 
 
The null hypothesis for the Chi2 test was that the intervention effects were homogeneous 
and the alternative hypothesis was that there was heterogeneity among the intervention 
effects. This gave an indication of whether it would be possible to accurately compare the 




As previously mentioned Tau2 (𝜏𝜏2) is the between-study variance, thus an indication of the 
level of heterogeneity, and was calculated using Equation 2.6. 
 
Equation 2.6: Tau2 statistic calculation 
 
𝜏𝜏2 =  
𝑄𝑄 − 𝑑𝑑𝑑𝑑
𝐶𝐶
 𝑖𝑖𝑑𝑑 𝑄𝑄 > 𝑑𝑑𝑑𝑑 
 
Or  
𝜏𝜏2 = 0   𝑖𝑖𝑑𝑑 𝑄𝑄 < 𝑑𝑑𝑑𝑑 
 
𝐶𝐶 is a scaling factor used to ensure that 𝜏𝜏2 is on the same scale as the within-study variance 
and is calculated using Equation 2.7. 
 
Equation 2.7: Scaling factor C calculation 
 





The 𝐼𝐼2 statistic described the percentage of variability among the intervention effects that 
was due to heterogeneity rather than chance alone. It was calculated using Equation 2.8, 
 





� × 100% 
 
A basic guide for the interpretation of the 𝐼𝐼2 statistic is as follows: 
- 0% to 40% might not be important 
- 30% to 60% may represent moderate heterogeneity 
- 50% to 90% may represent substantial heterogeneity 
- 75% to 100% is considerable heterogeneity 
 
Preliminary meta-analyses were performed, but it was found that the heterogeneity was too 
large to justify a meta-analysis and that it would have a major effect on the accuracy of the 
results. The data were therefore transformed using the Freeman-Tukey double arcsine 
transformation (Freeman & Tukey, 1950), which is a data transformation used to decrease 
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heterogeneity and increase the normality of a dataset distribution. The transformation can be 
seen in Equation 2.9, where 𝑦𝑦𝑖𝑖 is the original data point and 𝑦𝑦�𝑖𝑖 is the transformed data point. 
The equation below is the original formula proposed in the article by Freeman and Tukey. 
The two arcsine values can however also be divided by two with the purpose of having the 
transformed values on the same scale as the arcsine-square-root transformation, which is a 
different transformation utilised for percentage data transformation. The meta-analyses as 
described above were then performed with the transformed values. Therefore, the results of 
the meta-analyses were also reported on the transformed scale. 
 
Equation 2.9: Freeman-Tukey double arcsine transformation 
 
𝑦𝑦�𝑖𝑖  = arcsin�𝑦𝑦𝑖𝑖/(100 + 1) +  𝑎𝑎𝑁𝑁𝑎𝑎𝑠𝑠𝑖𝑖𝑛𝑛�(𝑦𝑦𝑖𝑖 + 1)/(100 + 1) 
 
2.9 Step 8 - Review synthesis 
 
The qualitative data were consolidated and was used for the narrative aspect of this review. 
The narrative review is discussed in Chapter 3. The meta-analyses performed on the data 
regarding the individual fatty acids were divided into three groups: saturated fatty acids 
(SFAs), monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs). 
This was done to allow for the interpretation of the effect of the rearing substrate composition 
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Qualitative data review 
 
 
The qualitative data collection step was the fifth step in the systematic review protocol and 
was performed after the study selection step was completed. The study selection step 
delivered 65 publications that were identified to be included in the systematic review (Table 
A 1). After the initial literature search and study selection had been completed, five more 
publications were identified following alerts from the databases. The qualitative data from the 
70 publications were collected by means of a Google form that was divided into sections as 
described in the data collection methodology in Chapter 2 (Li et al., 2019). The consolidated 
qualitative data (Error! Reference source not found.) are discussed in terms of the following 
sections: publication details, methodologies, the participants (black soldier fly larvae), 
interventions and results. 
 
3.1 Publication details 
 
3.1.1 Year of publication 
 
Figure 3.1 shows the year of publication of the included studies. The earliest publication that 
was identified as relevant to this review through the literature search and study selection 
steps was published in 2007 (St-Hilaire et al., 2007). No relevant publications were 
published between 2008 and 2014. Thereafter there was a steady increase in the number of 
publications starting from 2015 until 2021. The smaller number of publications identified for 
2021 is misleading as this does not represent a full year of publications and this number is 
still expected to increase. From these publication dates it is evident that the importance of 
black soldier fly larvae’s (BSFL) lipid content, fatty acid composition and the effect that 





Figure 3.1: Year of publication of included studies 
 
3.1.2 Publication journal 
 
The included publications were published in a total of 34 journals (Figure 3.). The journals 
that published the most included studies were the “Journal of Insect Science” and “Journal of 
Insects as Food and Feed”, which published five articles each that were included in this 
review. It is interesting to note that the research fields of the various journals were broad and 
ranged from waste management and renewable energy to animal science and entomology. 
This indicated that the research regarding the BSFL fatty acids is a topic of interest for 
researchers from different fields and their importance in the aim of increasing the 





Figure 3.2: Journal of publication of included studies 
 
3.1.3 Affiliated country 
 
The first author’s affiliated university details were used to determine the country of first 
author’s affiliation. From Figure 3.3 it was seen that research relevant to this review was 
done in a total of 21 countries. The majority of the publications were from the northern 
hemisphere with Italy producing the most publications (14), followed by China and the United 
States of America, both with nine publications each. However, the geographic distribution is 





Figure 3.3: Geographical distribution of included studies 
 
Based on the publication detail data, it was evident that there is a global increase in research 





3.2.1 Research focus 
 
Figure 3.). This showed that research regarding BSFL is aimed at finding more sustainable 





Figure 3.4: Research focus of included studies 
 
3.2.2 Study design and rearing setting 
 
The study design component of the review question indicated that only randomised control 
trials would be considered for this review. This was however not used as an exclusion 
criterion, but as an indicator as to which of the included studies would be eligible to be 
included in the meta-analysis aspect of this review. Therefore, the study design of the 
included studies was also recorded and the results are depicted in Figure 3.. Out of the 70 
included studies, 59 employed randomised control trials. The remaining studies either 
bought BSFL samples from private rearing companies and analysed them (Caligiani et al., 
2018, 2019; Rabani et al., 2019; Matthaeus et al., 2019; Campbell et al., 2020) or performed 
narrative reviews of the nutritional value of BSFL reported by other studies (Pastor et al., 
2015; Barragan-Fonseca et al., 2017; Koutsos et al., 2019; Benzertiha et al., 2020; Surendra 
et al., 2020; Weru et al., 2021). It was decided that these studies would still be included in 
this review as it would add to the understanding of the current state of research based on 
both primary and secondary research. Out of the 59 studies that performed randomised 
control trials, 51 reared the BSFL in a laboratory setting and eight reared the BSFL in a 
mass rearing environment (Figure 3.). This was expected as this specific field of research is 
still relatively new in the sense that many studies were the first of their kind and therefore 
most of the studies were still being conducted on a smaller scale and many research 






Figure 3.5: Study design of included studies 
 
 
Figure 3.6: Rearing setting of included studies 
 
3.2.3 Total study duration 
 
Only 28 of the included studies reported the total study duration and from these the duration 
ranged from 8 days (Erbland et al., 2020) up to 65 days (Barbi et al., 2020). A large number 
of the included studies did not report the study durations in their methodologies (Figure 3.). 
Many of the studies ended their trials based on the life stage of the BSFL and not a specific 
number of days, which lead to the wide range of study durations. There was also variation 
on the different stages investigated in the trials as some of the studies investigated the 
whole life cycle of the BSFL or multiple stages, where the growth stages only accounted for 
a part of the study. This does however indicate that there is no standardised study design for 






Figure 3.7: Total study duration of included studies 
 
3.2.4 Pre-harvest purging and killing method 
 
There was a great deal of variation in the methodologies in regard to pre-harvest purging 
(Figure 3.) and killing method (Figure 3.). Studies have suggested that purging and killing 
method could influence the BSFL fatty acid profile (Caligiani et al., 2019; Egnew et al., 
2021). The differences in methodologies between studies would however not influence 
differences in fatty acid profiles reported within an individual study. Therefore, studies were 
not excluded based on these methodological choices. This does however again indicate that 
there is a lack of standardisation for studies that investigate the BSFL fatty acid profile. 
 
 





Figure 3.9: Killing method employed by included studies 
 
3.3 Participants: Black soldier fly larvae 
 
3.3.1 Total number of black soldier fly larvae 
 
Data regarding the total number of black soldier fly larvae (BSFL) used in each study was 
recorded. It ranged from 20 larvae (Abduh et al., 2018) to approximately 82500 larvae (Guil-
Guerrero et al., 2020) and is shown in Figure 3.. It should be noted that many of the studies 
did not report the total number of BSFL used in the trials. From the figure it can also be seen 
that most of the studies used a smaller number of BSFL, which corresponds with the larger 
number of studies conducted in a laboratory environment as they have a smaller capacity 
than large scale production units. 
 
 





3.3.2 Life stage at harvest 
 
The life stage at which the BSFL were harvested was noted as this is known to influence the 
fatty acid profile (Giannetto et al., 2020) and is reported in Figure 3.2. Three categories were 
designated based on the harvesting life stage that is commonly used in both research and 
industry. These categories were “larval stage”, “pre-pupal stage” and “both”, which indicated 
that the studies harvested all the BSFL when a predetermined percentage had transitioned 
into the pre-pupal stage. The majority of the studies harvest the BSFL at the prepupal stage. 
This could be due to convenience as BSFL change colour from a cream colour in the last 
larval stage to a brown colour when they enter the pre-pupal stage, which makes this life 
stage easy to recognise. Black soldier fly larvae also self-harvest, which means that they 
stop feeding and leave the moist environment of the rearing substrate to find a dry 
environment to pupate. This movement is then an indication of the end of the prepupal 
stage. Generally the studies that focused more on waste management had a longer rearing 
time as the nutritional composition of the rearing substrate was designed for waste 
conversion and not necessarily for optimal nutrient accumulation (Grossule et al., 2020). 
There has however been a trend in nutritional research towards a shorter rearing time and a 
younger harvesting age as this has the consequence of decreasing the quantity of resources 
needed for each rearing cycle.  
 
 
Figure 3.21: Life stage of black soldier fly larvae at harvest 
 
3.3.3 Age of black soldier fly larvae at harvest 
 
The age of the BSFL at harvest, in days, varied a great deal and ranged from 11 days until 
60 days (Figure 3.3). Again, this had to do with the nutritional composition of the rearing 
substrates used in each of the studies and harvesting based on life stages and not on BSFL 
age in days. This can also be seen in the large number of studies that did not report the 









The data collection section “Interventions” refers to all the details pertaining to the different 
treatment groups. Through the study selection step, only studies which investigated the 
effect of nutrition on the BSFL fatty acid profile were included in the review. This section 
explicates the most prominent differences that were found between studies, particularly in 
the rearing substrate formulation and nutritional value.  
 
3.4.1 Number of intervention groups 
 
Figure 
3.1). The studies that only had one treatment group were studies that investigated the 
difference between different insect species (Rabani et al., 2019) and therefore only had one 
intervention group that consisted of BSFL. Others investigated methodological differences in 
chemical composition analysis (Caligiani et al., 2018) or were limited by the amount of 
substrate available for the study (Abduh et al., 2018). These studies were not included in the 
meta-analysis aspect of this review, but it was still deemed important to include them in the 
qualitative data collection. The largest number of intervention groups was 18, except for one 
outlier study that had 49 intervention groups. This was a very large study that aimed to 
develop a nutritional year plan by incorporating different seasonal organic wastes in the 





Figure 3.13: Number of intervention groups in included studies 
 
3.4.2 Number of substrates 
 
The number of substrates used in each study did not always correspond exactly with the 
number of intervention groups (Figure 3.). Even though all of the included studies 
investigated the effect of nutrition on the nutritional composition of the BSFL, some of the 
studies investigated the effect of feeding a treatment substrate for a specific time before 
harvest, in other words feeding strategy (Barroso et al., 2019). Others investigated the effect 
of chemical analysis methodological differences when only using one formulated substrate 




Figure 3.14: Number of substrates in included studies 
 
3.4.3 Inclusion of manure 
 
As a considerable amount of research focused both on BSFL nutrition and waste 
management, data was collected regarding the inclusion of manure in the rearing substrates 
(Figure 3.4). Only a small number of studies included manure in the BSFL rearing 
substrates. Most of the studies that included waste products in the rearing substrates, used 
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The qualitative data regarding the results of the studies constituted the identification of the 
studies’ reported chemical analysis data of both the rearing substrates and the harvested 
BSFL. Specifically proximate composition and fatty acid profile results were identified. Data 
regarding other chemical composition analysis such as amino acid profiles were not taken 
into account as this did not fall within the scope of the review. Along with these data, it was 
also noted if the studies provided information regarding the formulation of the rearing 
substrates. 
 
3.5.1 Rearing substrate formulation 
 
The formulation and composition data regarding the rearing substrates was only collected for 
the studies that conducted randomised control trials, which were 59 in total. Out of these 
studies, 55 reported the rearing substrate formulation (Figure 3.5). This was expected as the 
focus of these studies were the effect of nutrition, in which the formulation and ingredients of 





Figure 3.5: Study reporting of rearing substrate formulation 
 
3.5.2 Rearing substrate proximate composition 
 
Fewer studies reported the proximate composition of the rearing substrate (Figure 3.6). 
Some of the studies that did not report the full proximate composition, did still report the lipid 
content (Saadoun et al., 2020). This indicated that the focus of the studies was mainly on the 
effect of specific ingredients in the rearing substrate, and not necessarily the chemical 
composition of the substrates. This could be a blind spot in the research as studies have 
shown that the proximate composition, especially the lipid and carbohydrate content of the 
rearing substrate play a major role in the fatty acid accumulation and synthesis in BSFL and 




3.5.3 Rearing substrate fatty acid profile 
 
Even less of the studies reported the rearing substrate fatty acid composition (Figure 3.7). 
This is most likely due to the same reason as the lack of proximate composition reporting. 
Interestingly however, more of the recently published studies included fatty acid analysis of 
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the rearing substrate. This is an indication that the importance of the substrate fatty acid 
profile and its influence on the BSFL is becoming more widely known and investigated. 
 
 
Figure 3.7: Study reporting of rearing substrate fatty acid profile 
 
3.5.4 Black soldier fly larvae proximate composition 
 
The BSFL proximate composition and fatty acid profile data were recorded for the studies 
that conducted randomised control trials and those that acquired BSFL samples from rearing 
companies. If the studies only reported the lipid content it was not seen as a proximate 
composition, however, if they reported both the lipid and the protein content it was noted as 
a proximate composition. Most of the studies reported the BSFL proximate composition 
(Figure 3.). Those that did not, focused specifically on the fatty acid profile and therefore only 
reported the lipid content. 
 
 







3.5.5 Black soldier fly larvae fatty acid profile 
 
Out of the 64 studies (randomised control trial studies and studies that bought samples), 57 
reported the fatty acid profiles of the BSFL (Figure 3.8). The remaining seven studies that 
did not report the fatty acid profile were still included in this review as it was decided that 




Figure 3.8: Study reporting of black soldier fly larvae fatty acid profile 
 
3.6 Inclusion in meta-analyses 
 
After the examination of each study, a decision was made as to whether to include each 
individual study in the meta-analysis aspect of this review. A list of criteria used to determine 
each study’s inclusion in the meta-analyses were: 
 
- Did the study have two or more intervention groups? 
- Were the fatty acid profile results reported in a compatible format to the meta-
analysis? 
- Were the fatty acid profile results reported in a compatible unit of measure (mean  
± standard deviation or standard error)? 
 
For inclusion in the meta-analyses, the study had to answer yes to all four questions. After 
the evaluation was complete, there were 26 studies that were selected to be included in the 
meta-analyses (Figure 3.9). Three of these studies reported two trials each and therefore 
represented two sets of data. Due to this there were 29 sets of fatty acid data that were 
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Meta-analyses of saturated fatty acids 
 
 
Black soldier flies (Hermetia illucens) do not have functional feeding mouth parts during their 
adult stage and therefore they build up energy reserves in the form of lipids in their larval 
instars. These energy reserves are then utilised for maintenance and reproduction during 
their adult stage. Saturated fatty acids (SFAs) play an important role in this as they are less 
prone to oxidation than unsaturated fatty acids. Due to this the black soldier fly larval (BSFL) 
fatty acid profile can consist of up to 86.89% SFA (Danieli et al., 2019). In order to 
understand how the levels of individual SFAs can be affected by the nutritional composition 
of rearing substrates, meta-analyses were performed on the collected data regarding the 
concentrations of individual SFAs in the BSFL fatty acid profile. The data included in the 
meta-analyses came from 29 trials from 26 published studies (Table A  in Appendix A). 
Three of these studies reported results from multiple trials and thus contributed multiple trials 
to the meta-analyses.  
 
Fifteen SFAs were identified to be either always or sometimes present in the BSFL fatty acid 
profile (Table 4.1). Meta-analyses were only performed on data regarding eight of these 
SFAs. The other SFAs were excluded from meta-analyses as they were not reported as 
















Table 4.1: List of saturated fatty acids identified as present in black soldier fly larval fatty acid profile 




Inclusion in meta-analysis 
Caprylic acid Octanoic acid C8:0 No 
Capric acid Decanoic acid C10:0 Yes 
Undecylic acid Undecanoic acid C11:0 No 
Lauric acid Dodecanoic acid C12:0 Yes 
Tridecylic acid Tridecanoic acid C13:0 No 
Myristic acid Tetradecanoic acid C14:0 Yes 
Pentadecylic 
acid 
Pentadecanoic acid C15:0 No 
Palmitic acid Hexadecanoic acid C16:0 Yes 
Margaric acid Heptadecanoic acid C17:0 Yes 
Stearic acid Octadecanoic acid C18:0 Yes 
Arachidic acid Eicosanoic acid C20:0 Yes 
Heneicosylic 
acid 
Heneicosanoic acid C21:0 No 
Behenic acid Docosanoic acid C22:0 No 
Tricosylic acid Tricosanoic acid C23:0 No 
Lignoceric acid Tetracosanoic acid C24:0 No 
 
4.1 Summary statistics 
 
Summary statistics regarding the individual saturated fatty acids (SFAs) were collected and 
are shown in Table 4.2. The table shows the lowest and highest concentrations of the 
individual SFAs among all the included trials. A number of the SFAs were found to be absent 
in the black soldier fly larval (BSFL) fatty acid profile and in those cases the lowest 
concentration was denoted as zero. Four of the SFAs were found to invariably be present in 
the BSFL fatty acid profile. These SFAs were lauric acid, myristic acid, palmitic acid and 
stearic acid. The highest observed concentrations of the different SFAs were found to vary 
considerably. Lauric acid was noted to be the SFA with the highest observed concentration 
(68.00% of the total fatty acids), which was more than 20% higher than any of the other 
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SFAs (Jucker et al., 2017). The total SFA content in terms of the BSFL fatty acid profile was 
found to range from 28.11% (Starcevic et al., 2019) to 86.89% (Danieli et al., 2019). The 
differences in the concentration of the individual fatty acids due to rearing substrate 
nutritional composition reported by the different trials were also investigated and the largest 
difference found for each of the SFAs is also reported in Table 4.2. The largest detected 
difference in concentration was found for lauric acid with a difference of almost 50% (Guil-
Guerrero et al., 2020). The total SFA content and thus the level of saturation of the BSFL 
fatty acid profile was found to be differ by up to 37.99% (Starcevic et al., 2019). 
 
Table 4.2: Summary statistics regarding levels of individual saturated fatty acids (SFAs) in black 
soldier fly larval fatty acid profile (in % of total fatty acids) 
Fatty acid Lower 
concentration limit 
(mean ± SD) 
Higher concentration  
limit (mean ± SD) 





0 * 3.80 ± 0.30  
(Guil-Guerrero et al., 
2020) 
3.40 [3.04,3.76]  
(Guil-Guerrero et al., 2020) 
Lauric acid 
(C12:0) 
6.94 ± 2.39  
(Schreven et al., 
2021) 
68.00 ± 0.10  
(Jucker et al., 2017) 
49.80 [47.35,52.25]  
(Guil-Guerrero et al., 2020) 
Myristic acid 
(C14:0) 
1.79 ± 0.44  
(Schreven et al., 
2021) 
16.70 ± 1.20  
(Guil-Guerrero et al., 
2020) 
12.70 [11.27,14.13]  
(Guil-Guerrero et al., 2020) 
Palmitic acid 
(C16:0) 
6.77 ± 0.28  
(Hoc et al., 2021a) 
24.85 ± 3.33  
(Romano et al., 2021) 
13.50 [12.25,14.75]  
(Guil-Guerrero et al., 2020) 
Margaric acid 
(C17:0) 
0 * 2.93 ± 0.40  
(Gao et al., 2019) 
0.50 [0.26,0.74]  
(Oonincx et al., 2015) 
Stearic acid 
(C18:0) 
0.09 ± 0.10  
(Jucker et al., 2017) 
21.40 ± 0.90  
(Truzzi et al., 2020) 
16.70 [16.15,17.25]  
(Truzzi et al., 2020) 
Arachidic acid 
(C20:0) 
0 * 11.00 ± 0.30  
(Truzzi et al., 2020) 
9.80 [9.64,9.96]  
(Truzzi et al., 2020) 
Behenic acid 
(C22:0) 
0 * 16.00 ± 0.40  
(Truzzi et al., 2020) 
15.50 [15.21,15.79]  
(Truzzi et al., 2020) 
Total SFA 28.11 ± 2.18  
(Starcevic et al., 
2019) 
86.89 ± 0.57  
(Danieli et al., 2019) 
37.99 [33.3,42.68]  
(Starcevic et al., 2019) 
* Fatty acid was absent in black soldier fly larvae in some included trials. 
All values presented as % of total fatty acids. 
SD – standard deviation. 




Data collected from each trial for the purpose of the meta-analyses were the concentrations 
of the individual fatty acids in respect to the BSFL fatty acid profile (mean ± standard 
deviation) and the fatty acid profile analysis sample sizes. Some of the studies reported the 
results as mean ± standard error. In those cases the standard deviation were calculated 
using Equation 4.1. 
 
Equation 4.1: Standard deviation equation 
𝑆𝑆𝑠𝑠𝑎𝑎𝑛𝑛𝑑𝑑𝑎𝑎𝑁𝑁𝑑𝑑 𝑑𝑑𝑁𝑁𝑑𝑑𝑖𝑖𝑎𝑎𝑠𝑠𝑖𝑖𝑜𝑜𝑛𝑛 = 𝑠𝑠𝑠𝑠𝑎𝑎𝑛𝑛𝑑𝑑𝑎𝑎𝑁𝑁𝑑𝑑 𝑁𝑁𝑁𝑁𝑁𝑁𝑜𝑜𝑁𝑁 ×  �𝑠𝑠𝑎𝑎𝑁𝑁𝑠𝑠𝑠𝑠𝑁𝑁 𝑠𝑠𝑖𝑖𝑠𝑠𝑁𝑁 
 
After a preliminary meta-analysis was performed on the collected data, it was found that the 
data was too heterogenous for the analysis to convey accurate results. Therefore the data 
were transformed by means of the Freeman-Tukey double arcsine transformation (Freeman 
& Tukey, 1950). This transformation can be seen in Equation 4.. 
 
Equation 4.2: Freeman-Tukey double arcsine transformation 
 
𝑦𝑦�𝑖𝑖  = arcsin�𝑦𝑦𝑖𝑖/(100 + 1) +  𝑎𝑎𝑁𝑁𝑎𝑎𝑠𝑠𝑖𝑖𝑛𝑛�(𝑦𝑦𝑖𝑖 + 1)/(100 + 1) , 
 
where 𝑦𝑦𝑖𝑖 is the original data point and 𝑦𝑦�𝑖𝑖 is the transformed data point. The equation above 
is the original formula proposed in the article by Freeman and Tukey. The two arcsine values 
can however also be divided by two with the purpose of having the transformed values on 
the same scale as the arcsine-square-root transformation, which is a different transformation 
utilised for percentage data transformation. The meta-analyses were then performed on the 
transformed data, which resulted in the calculated intervention effects depicted in the form of 
forest plots and the average intervention effect. 
 
The Z-test was performed to evaluate the overall effect, where the null hypothesis was that 
the observed average difference in means is purely due to chance and the alternative 
hypothesis that there was indeed an effect. The effect being the difference in the individual 
SFA concentration due to changes in the rearing substrate composition. The Chi2 test was 
performed to evaluate if there was heterogeneity among the intervention effects observed by 
the different trials. The null hypothesis of the Chi2 test was that the intervention effects are 
homogeneous, and the alternative hypothesis was that there was heterogeneity among the 
intervention effects. The extent of the heterogeneity was evaluated by means of the  
I2 statistic and the Tau2 statistic. The I2 statistic represents the percentage of heterogeneity 
Stellenbosch University https://scholar.sun.ac.za
51 
among the observed intervention effects. The Tau2 statistic represents the variance among 
the observed intervention effects and is taking into account by the meta-analysis software 
when the trials are weighted. 
 
4.2 Capric acid 
 
Capric acid is a medium chain saturated fatty acid that consists of a 10 carbon-chain 
(C10:0). It occurs naturally in coconut and palm kernel oil (Kenar et al., 2017). It was 
reported to be present in the black soldier fly larval (BSFL) fatty acid profile by 20 of the 
included trials. Depicted in Table 4.2 it can be seen that the highest reported concentration 
of capric acid was 3.80% ± 0.30 (Guil-Guerrero et al., 2020) and the largest observed 
difference in concentration, in meta-analysis referred to as the difference in means of the 
intervention effect size, reported by a trial was 3.40% (Guil-Guerrero et al., 2020). The effect 
size seems to be relatively low compared to that found for the other saturated fatty acids 
(SFAs).  
 
The meta-analysis of the capric acid data can be seen in Figure 4.. The Chi2 test indicated 
that there was no heterogeneity among the intervention effects (P = 1.00). The Tau2 statistic 
and the I2 statistic both also indicated that the intervention effects were homogeneous and 
could therefore be accurately compared through the meta-analysis. The Z-test for the overall 
effect suggested that the rearing substrate had a significant effect on the capric acid 
concentration of the larvae. As the meta-analysis was performed on the transformed data, 
the average effect size reported is on a different scale to that of the collected data. This is 
also the case for the meta-analyses performed on the data regarding the other fatty acids. 
The average effect sizes of the different meta-analyses can therefore not be interpreted in 
terms of the original scale (as percentage of total fatty acids), but can however be compared 





Figure 4.1: Software output of meta-analysis of capric acid concentration of black soldier fly larval 
fatty acid profile 
 
4.3 Lauric acid 
 
Lauric acid is a medium chain SFA that consists of a 12 carbon-chain (C12:0). Lauric acid is 
typically found in high concentrations in coconut and palm kernel oil (45-55%) (Kenar et al., 
2017). Black soldier fly larvae (BSFL) have the ability to biosynthesize lauric acid from other 
fatty acids and other sources of energy such as carbohydrates (Hoc et al., 2020). Studies 
have shown that lauric acid is one of the major fatty acids found in black soldier fly larvae. 
Therefore, it was unsurprising that all 29 included trials reported its presence in the BSFL 
fatty acid profile. Table 4.2 shows that the lowest reported concentration of lauric acid was 
6.94% ± 2.39 when the larvae were reared on crambe pressed cake, which is an oilseed by-
product and is characterized by having a highly unsaturated fatty acid profile (Schreven et 
al., 2021). The highest observed concentration was 68.00% ± 0.10 (Jucker et al., 2017). In 
this case the larvae were reared on fruit, which mostly consists of carbohydrates and is low 
in lipids. This reiterates the larvae’s reported ability to synthesize lauric acid from other forms 
of energy. The largest identified difference in lauric acid concentration was 49.80% (Guil-
Guerrero et al., 2020). This shows the major effect that the rearing substrate composition 
can have on the lauric acid content of the larvae. 
 
Figure 4.10 depicts the meta-analysis and resulting forest plot of the lauric acid data. The 
Chi2 test shows that there was heterogeneity among the studies (P = 0.002) and the I2 
statistic indicates a moderate level of heterogeneity (49%). The heterogeneity was 
sufficiently low that it would not significantly influence the meta-analysis. The heterogeneity 
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should however be taken into account when interpreting the results of the meta-analysis as it 
has an effect on the accuracy of the calculated average effect size. The forest plot suggests 
that the heterogeneity might have originated from one trial (Guil-Guerrero et al., 2020) as 
there is less overlap of its confidence interval with the other studies. For the lauric acid meta-
analysis the Tau2 was calculated as 0.04. This measure of variation among the studies is 
taken into account when the individual studies are weighted. The Z-test for the overall effect 
resulted in a very small P-value (P < 0.0001). This suggested that the rearing substrate 
composition had a significant effect on the lauric acid concentration of the larvae. 
 
 
Figure 4.10: Software output of meta-analysis of lauric acid concentration of black soldier fly larval 
fatty acid profile 
 
4.4 Myristic acid 
 
Myristic acid is a medium chain saturated fatty acid (C14:0). It is found in many plant oils, 
such as coconut and palm, and also in pork lard and beef tallow (Kenar et al., 2017). Myristic 
acid is another fatty that was identified as always being present in the BSFL fatty acid profile, 
however generally in smaller quantities than lauric acid. As shown in Table 4.2 the lowest 
observed concentration of myristic acid was 1.79% ± 0.44 when the larvae were reared on 
crambe pressed cake (Schreven et al., 2021) and the highest observed concentration was 
16.70% ± 1.20 when the larvae were reared on coconut by-product (Guil-Guerrero et al., 
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2020). These concentrations indicate an association between the concentration of myristic 
acid in the rearing substrate and the BSFL fatty acid profile. The largest difference in means 
was identified as 12.70% (Guil-Guerrero et al., 2020). This largest intervention effect was 
lower compared to many of the other identified SFAs. 
 
The meta-analysis performed on the myristic acid concentration data is shown in Figure 4.. 
The tests for heterogeneity indicated that there was no detectable level of heterogeneity of 
importance as the Chi2 test had a high P-value (P = 0.98) and the I2 statistic was 0%. The 
forest plot also illustrates general overlap of the various confidence intervals. Therefore, the 
data from the difference trials were sufficiently homogeneous to be comparable in terms of a 
meta-analysis. The Z-test for the overall effect indicated that the rearing substrate had a 
significant effect on the myristic acid concentration (P < 0.00001). 
 
 
Figure 4.3: Software output of meta-analysis of myristic acid concentration of black soldier fly larval 
fatty acid profile 
 
4.5 Palmitic acid 
 
Palmitic acid is a 16 carbon chain fatty acid (C16:0) and is the most common saturated fatty 
acid found in animal fats, plant oils and microorganisms (Kenar et al., 2017). As with lauric 
acid and myristic acid, palmitic acid was found to consistently be present in the BSFL fatty 
acid profile as it was found in all 29 of the included trials. Table 4.2 shows that the lowest 
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observed concentration of palmitic acid was 6.77% ± 0.28 (Hoc et al., 2021a). This low 
concentration was observed when the larvae were reared on rapeseed oil cake, which has a 
low level of saturation. The highest observed concentration was 24.85% ± 3.33 when the 
larvae were reared on spent coffee (Romano et al., 2021). The largest identified difference in 
means was 13.50% (Guil-Guerrero et al., 2020). 
 
Figure 4. shows the results of the meta-analysis performed on the palmitic acid 
concentration data. The statistical tests for heterogeneity indicated that there was no 
observable heterogeneity as the Chi2 test had a very high P-value (0.99), Tau2 = 0 and  
I2 = 0%. Therefore, the effect sizes of the different trials were comparable. The Z-test for the 
overall effect indicated that the rearing substrate had a significant effect on the palmitic acid 
concentration of the larvae (P < 0.00001). 
 
 
Figure 4.4: Software output of meta-analysis of palmitic acid concentration of black soldier fly larval 
fatty acid profile 
 
4.6 Margaric acid 
 
Margaric acid is a 17 carbon-chain saturated fatty acid (C17:0). It was the only odd-chain 
saturated fatty acid that was present in an adequate number of trials to be included in a 
meta-analysis. It is not naturally found in high amounts in either animal fats or plant oils, but 
Study or Subgroup
Hoc et al 2021 (2)
Somroo et al 2019
Meneguz et al 2018 (a)
Oonincx et al 2020
Danieli et al 2019
Meneguz et al 2018 (b)
Gao et al 2019
Liland et al 2017
Ewald et al 2020 (b)
El-Dakar et al 2021 (2)
Wang et al 2020
Hoc et al 2021 (b)
Hoc et al 2021 (a)
St-Hilaire et al 2007
Oonincx et al 2015
Saadoun et al 2020
Starcevic et al 2019
Galassi 2021
El-Dakar et al 2021
Barroso et al 2017
Truzzi et al 2020
Jucker et al 2017
Barroso et al 2019
Romano et al 2021
Ewald et al 2020 (a)
Schreven et al 2021
El-Dakar et al 2020 (2)
Fischer et al 2021
Guil-Guerrero et al 2020
Total (95% CI)
Heterogeneity: Tau² = 0.00; Chi² = 12.63, df = 28 (P = 0.99); I² = 0%





















































































































































































































































Highest Lowest Mean Difference Mean Difference
IV, Random, 95% CI
-0.5 -0.25 0 0.25 0.5
Stellenbosch University https://scholar.sun.ac.za
56 
is sometimes found in palm oil and beef tallow (Kenar et al., 2017). The absence of margaric 
acid in BSFL fatty acids reported by numerous trials indicates that it is not always present in 
BSFL fatty acid profiles. The highest observed concentration of margaric acid was 2.93%  
± 0.32, which was found when the larvae were reared on a formulated wheat bran diet (Gao 
et al., 2019), as seen in Table 4.2. Besides the one trial that reported a margaric acid 
concentration of 2.39%, all the other included trials reported concentrations lower than 1%. 
The largest identified effect size was found to be 0.50% [0.26,0.74] (Oonincx et al., 2015). 
 
The meta-analysis performed on the margaric acid concentration is illustrated by Figure 4.. 
The Chi2 test indicated that the intervention effects were completely homogeneous  
(P = 1.00). This lack of heterogeneity was also suggested by the Tau2 statistic and the  
I2 statistic. The Z-test for the overall effect indicated that the rearing substrate did not have a 
significant effect on the margaric acid concentration of the larvae and that the observed 
difference in concentration was rather due to chance (P = 0.17). 
 
 
Figure 4.5: Software output of meta-analysis of margaric acid concentration of black soldier fly larval 
fatty acid profile 
 
4.7 Stearic acid 
 
Stearic acid is a long carbon chain saturated fatty acid (C18:0). It is the second most 
commonly found saturated fatty acid in nature. It is found in numerous plant oils and animal 
fats, including soybean and sunflower oil and beef tallow (Kenar et al., 2017). Stearic acid 
was the fourth and final saturated fatty acid that was found to always be present in the BSFL 
fatty acid profile as it was observed by all 29 included trials. The lowest observed 
concentration of stearic acid was 0.09% ± 0.10 (Table 4.2) when the larvae were reared on 
fruit (Jucker et al., 2017). The highest observed concentration was 21.40% ± 0.90 when the 
larvae were reared on coffee production by-product enriched with microalgae (Truzzi et al., 
2020). The largest identified difference in concentration was 16.70% (Truzzi et al., 2020). 
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Figure 4. illustrates the meta-analysis results for the stearic acid concentration. The Chi2 test 
indicated that there was no heterogeneity of importance (P = 0.07) and the I2 statistic 
indicates that the heterogeneity that is present, is to a small enough extent as to not have an 
important impact on the meta-analysis results. The Tau2 statistic also alluded to a small yet 
detectable level of heterogeneity. The Z-test for the overall effect indicated that the rearing 
substrate composition had a significant effect on the BSFL stearic acid concentration  
(P < 0.00001). 
 
Figure 4.6: Software output of meta-analysis of stearic acid concentration of black soldier fly larval 
fatty acid profile 
 
4.8 Arachidic acid 
 
Arachidic acid is a long chain saturated fatty acid (C20:0). It is naturally found in small 
concentrations in canola, soybean and sunflower oil (Kenar et al., 2017). It was reported to 
be present in the BSFL fatty acid profile by eight of the included trials. Therefore, it is 
possible for arachidic acid to be absent in the larvae. Table 4.2 shows that the highest 
observed concentration was 11.00% ± 0.30 when the larvae were reared on coffee 
production by-product, which itself wat reported to have a high concentration of arachidic 
acid (Truzzi et al., 2020). Besides in the case of this one study, the arachidic acid 
concentration was never above 3%. The largest detected effect size was 9.80%, which was 
also found for the previously mentioned study.  
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The arachidic acid concentration meta-analysis can be seen in Figure 4.. The tests for 
heterogeneity also implied that there was a substantial amount of heterogeneity as the Chi2 
test exhibited a very low P-value (P < 0.0001) and the I2 test statistic indicated 79% 
heterogeneity among the trials. The forest plot shows that the trial by Truzzi et al., (2020) 
likely contributed to the heterogeneity to a large extent as its confidence interval does not 
overlap with most of the other trials. The substantial heterogeneity also impacted the 
average effect size as can be seen by the large confidence interval visualised in the forest 
plot. The Z-test for the overall effect indicated that the rearing substrate composition had no 
significant effect on the arachidic acid concentration (P = 0.12). A second meta-analysis was 
performed that excluded the one trial, to determine if there might be a significant effect if the 
heterogeneity were lower. The results of that meta-analysis can be seen in Appendix B 
(Figure B 1). Lower heterogeneity did not lead to a significant effect. 
 
 
Figure 4.7: Software output of meta-analysis of arachidic acid concentration of black soldier fly larval 
fatty acid profile 
 
4.9 Behenic acid 
 
Behenic acid is a long chain saturated fatty acid (C22:0). It is naturally found in small 
quantities in canola and soybean oil (Kenar et al., 2017). Only three trials reported its 
presence in the BSFL fatty acid profile, which implies that it is mostly absent in the larvae. 
The highest observed behenic acid concentration was 16.00% ± 0.40 when the larvae were 
reared on coffee silverskin (Truzzi et al., 2020) as shown in Table 4.2. It should be noted that 
the other two trials reported behenic acid concentrations less than 1%. The previously 
mentioned trial also reported the largest difference in behenic acid concentration, which was 
15%. In that trial the rearing substrate contained a noticeably higher amount of behenic acid 
compared to the rearing substrates used in the other two trials.  
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Figure 4. shows the results of the meta-analysis performed on the behenic acid 
concentration data. Considerable heterogeneity was detected (I2 = 96%). This was affirmed 
by the Chi2 test statistic. The Tau2 statistic also displays a large variation. The heterogeneity 
could be completely attributed to one study, as its confidence interval did not overlap at all 
with the other two trials. The study’s contribution can also be seen in the confidence interval 
of the average effect size. A second meta-analysis was performed where this study was 
excluded and can be seen in Appendix B (Figure B 2). The Z-test for the overall effect 
suggested that the rearing substrate composition did not have an effect on the behenic acid 
concentration of the larvae. Similar results were found for the second meta-analysis. 
 
 
Figure 4.8: Software output of meta-analysis of behenic acid concentration of black soldier fly larval 
fatty acid profile 
 
4.10 Total saturated fatty acids 
 
The total amount of saturated fatty acids (SFAs) is generally reported by publications to 
indicate the level of saturation of the BSFL lipids. This concentration was however not 
reported for all 29 included trials. The meta-analysis of the total amount of SFA was only 
performed on the trials that did report it. In total 21 trials were included in this meta-analysis. 
As seen in Table 4.2, the lowest observed concentration of SFA was 28.11% ± 2.18 when 
the larvae were reared on crude olive oil cake, which is a by-product of the oil extraction 
process and is characterized by being high in unsaturated fatty acids (Starcevic et al., 2019). 
The highest observed concentration of SFA was 86.89% ± 0.57 when the larvae were reared 
on a diet that consisted of 68% ground barley, 20% wheat bran and 12% dehydrated alfalfa 
(Danieli et al., 2019). The largest identified effect size was 37.99% (Starcevic et al., 2019). 
 
Figure 4. reports the results of the meta-analysis performed on the total amount of saturated 
fatty acids. In regard to the test for heterogeneity, the Chi2 test statistic had a  
P-value above 0.05 (P = 0.12), which implied that the intervention effects were 
homogeneous and could be compared by means of a meta-analysis. The I2 statistic 
indicated 27% heterogeneity. This was however sufficiently low to not influence the meta-
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analysis results. The Z-test for the overall effect indicated that the rearing substrate 
composition had a significant effect on the SFA concentration of the BSFL. 
 
 
Figure 4.9: Software output of meta-analysis of the total saturated fatty acid concentration of black 




The meta-analyses were performed on the transformed data. Therefore, the scale of the 
average affect sizes could not be interpreted in the same way as the original data, which 
was presented in percentage of total fatty acids. The resulting average effect sizes from the 
different meta-analyses can however be compared to each other in terms of magnitude. 
Table 4.3 depicts the average effect sizes with their accompanying confidence intervals that 
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Table 4.3: Average effect sizes (with confidence intervals) of the different fatty acids and total 
 saturated fatty acid calculated by means of meta-analyses 
Fatty acid 







Capric acid 0.06 [0.02, 0.10] 0.006 1.00 0.00 0% 
Lauric acid 0.44 [0.32, 0.55] <0.00001 0.002 0.04 49% 
Myristic acid 0.12 [0.08, 0.17] <0.00001 0.98 0.00 0% 
Palmitic acid 0.13 [0.08, 0.19] <0.00001 0.99 0.00 0% 
Margaric acid 0.04 [-0.02, 0.09] 0.17 1.00 0.00 0% 
Stearic acid 0.12 [0.06, 0.17] <0.00001 0.07 0.01 29% 
Arachidic acid 0.12 [-0.03, 0.27] 0.12 <0.00001 0.03 79% 
Behenic acid 0.23 [-0.21, 0.67] 0.31 <0.00001 0.15 96% 
Total SFA 0.35 [0.25, 0.45] <0.00001 0.12 0.01 27% 
 
The average effect size refers to the influence that the rearing substrate composition had on 
the concentration of a specific saturated fatty acid in the BSFL lipids. Only three of the SFAs 
were not significantly affected by the rearing substrate composition. The largest effect was 
found for lauric acid. The second largest effect was found for the total amount of SFA. Lauric 
acid was most likely a major contributor to this. This would seem to indicate that it is possible 
to manipulate the lauric acid content and the level of saturation of the BSFL lipids though 
nutrition and feed formulation.  
 
The table provides a relative scale to illustrate to which extent it is most likely possible to 
influence and thus change the concentrations of these different SFAs in the BSFL fatty acid 
profile. The table could be used as a guide to indicate which SFAs could be manipulated via 
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Meta-analyses of monounsaturated fatty acids 
 
 
Monounsaturated fatty acids (MUFAs), as the name suggests, are fatty acids that have a 
single double bond. The black soldier fly larval (BSFL) fatty acid profile generally contains 
less MUFAs compared to the saturated fatty acid component. They are however present and 
some of them play an important role in BSFL metabolism and other biological functions. 
From a nutritional point of view, MUFAs contribute to a healthy diet for both humans and 
animals, and they are therefore of interest. Monounsaturated fatty acids can be 
biosynthesized through metabolic pathways that involve desaturase and chain elongation 
enzyme reactions (Kenar et al., 2017). Due to the biosynthesis process, some MUFAs might 
be present in the BSFL fatty acid profile, even if they were absent in the rearing substrate. 
 
As with the meta-analyses performed for the saturated fatty acids, data from 29 trials that 
originated from 26 studies were used to perform meta-analyses (Error! Reference source not 
found. in Appendix A). In total 17 MUFAs were identified to be present in the BSFL fatty acid 
profile, as illustrated in Table 5.. Only one MUFA, oleic acid, was found to be consistently 
present in the larval fatty acid profile. Seven of the MUFAs were reported by a sufficient 
number of trials for meta-analyses to be performed. A meta-analysis was also performed on 















Table 5.1: List of monounsaturated fatty acids identified as present in the black soldier fly larval fatty 
acid profile 





Tridecenoic acid 9-cis-tridecenoic acid C13:1 cis-9 No 
Myristoleic acid 9-cis-tetradecenoic acid C14:1 n-5 Yes 
Pentadecenoic acid 10-cis-pentadecenoic acid C15:1 n-5 Yes 
Palmitoleic acid 9-cis-hexadecenoic acid C16:1 cis-9 Yes 
Hexadecenoic acid 9-trans-hexadecenoic acid C16: trans-9 No 
Heptadecenoic acid 10-cis-heptadecenoic acid C17:1 n-7 Yes 
Oleic acid 9-cis-octadecenoic acid C18:1 cis-9 Yes 
Elaidic acid 9-trans-octadecenoic acid C18:1 trans-9 No 
Vaccenic acid 11-trans-octadecenoic acid C18:1 trans-11 Yes 
Nonadecenoic acid 10-cis-nonadecenoic acid C19:1 cis-10 No 
Nonadecenoic acid 11-trans-nonadecenoic acid C19:1 trans-10 No 
Gondoic acid  11-cis-eicosenoic acid C20:1 cis-11 Yes 
Heneicosenoic acid 12-cis-heneicosenoic acid C21:1 cis-12 No 
Cetoleic acid 11-cis-docosenoic acid C22:1 cis-11 No 
Erucic acid 13-cis-docosenoic acid C22:1 cis-13 No 
Docosenoic acid 13-trans-docosenoic acid C22:1 trans-13 No 
Nervonic acid 15-cis-tetracosenoic acid C24:1 cis-15 No 
 
5.1 Summary statistics 
 
Table 5.5 illustrates the consolidated data regarding the lowest and highest observed 
concentrations of the individual monounsaturated fatty acids (MUFAs) as well as the largest 
difference in concentration identified by a single study. Oleic acid was the only MUFA that 
was consistently present in the BSFL fatty acid profile. Therefore, its lowest concentration is 
indicated in the table. For all the other MUFAs the lowest concentration was noted as zero to 
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indicated that they were occasionally absent in the fatty acid profile. Oleic acid was found to 
have the highest observed concentration with 54.10% (as % of total fatty acids), which was 
almost 30% higher than the highest observed concentrations of any of the other MUFAs 
(Starcevic et al., 2019). The concentration of the total amount of MUFA in the BSFL fatty 
acid profile varied from 7.20% (Hoc et al., 2021a) to 63.37% (Schreven et al., 2021). The 
largest differences in concentration from a single trial was also reported for the oleic acid 
concentration and the total amount of MUFA (Starcevic et al., 2019). As both reported 
differences are from the same study, it is safe to assume that the oleic acid was responsible 
for the change in MUFA concentration. 
 
Table 5.5: Summary statistics regarding concentrations of individual monounsaturated fatty acids 
(MUFAs) in black soldier fly larval fatty acid profile (in % of total fatty acids) 
Fatty acid Lower concentration 
limit (mean ± SD) 
Higher concentration 
limit (mean ± SD) 




0* 1.39 ± 0.08 
(El-Dakar et al., 
2021a) 
0.91 [0.82, 1.00] 




0* 0.50 ± 0.05 
(Somroo et al., 2019) 
0.13 [-0.12, 0.38] 
(Hoc et al., 2021a) 
Palmitoleic acid 
(C16:1 cis-9) 
0* 15.00 ± 0.86 
(El-Dakar et al., 
2021a) 
11.50 [10.93, 12.07] 
(Ewald et al., 2020) 
Heptadecenoic acid 
(C17:1 n-7) 
0* 1.30 ± 0.173 
(Somroo et al., 2019) 
0.50 [0.30, 0.70] 
(Somroo et al., 2019) 
Oleic acid 
(C18:1 cis-9) 
4.75 ± 0.21 
(Danieli et al., 2019) 
54.12 ± 1.82 
(Starcevic et al., 2019) 
39.42 [36.76, 42.08] 
(Starcevic et al., 2019) 
Vaccenic acid 
(C18:1 trans-11) 
0* 2.50 ± 0.30 
(Truzzi et al., 2020) 
2.10 [0.49, 0.99] 
(Ewald et al., 2020) 
Gondoic acid 
(C20:1 cis-11) 
0* 2.05 ± 0.24 
(Schreven et al., 2021) 
1.99 [1.75, 2.23] 
(Schreven et al., 2021) 
Total MUFA 7.20 ± 0.16 63.37 ± 3.04 
(Schreven et al., 2021) 
42.44 [39.75, 45.13] 
(Starcevic et al., 2019) 
* Fatty acid was absent in black soldier fly larvae in some included trials. 
All values presented as % of total fatty acids. 
SD – standard deviation. 




The fatty acid data collected from the 29 trials was in the form of the concentration of each 
individual in respect to the BSFL fatty acid profile (mean ± standard deviation) and the 
analysis sample sizes. Some of the studies reported the results as mean ± standard error. In 
those cases the standard deviation were calculated using Equation 5.10.  
 
Equation 5.10: Standard deviation equation 
 
𝑆𝑆𝑠𝑠𝑎𝑎𝑛𝑛𝑑𝑑𝑎𝑎𝑁𝑁𝑑𝑑 𝑑𝑑𝑁𝑁𝑑𝑑𝑖𝑖𝑎𝑎𝑠𝑠𝑖𝑖𝑜𝑜𝑛𝑛 = 𝑠𝑠𝑠𝑠𝑎𝑎𝑛𝑛𝑑𝑑𝑎𝑎𝑁𝑁𝑑𝑑 𝑁𝑁𝑁𝑁𝑁𝑁𝑜𝑜𝑁𝑁 ×  �𝑠𝑠𝑎𝑎𝑁𝑁𝑠𝑠𝑠𝑠𝑁𝑁 𝑠𝑠𝑖𝑖𝑠𝑠𝑁𝑁 
 
Preliminary meta-analyses were performed with the collected data, but it was found that the 
data was too heterogeneous for accurate comparisons to be made and that the results could 
lead to misleading conclusions. The data was therefore transformed using the Freeman-
Tukey double arcsine transformation. This was done to increase the homogeneity so as to 
allow for accurate comparisons. The transformation equation (Equation 5.11) can be seen 
below, 𝑦𝑦𝑖𝑖 is the original data point and 𝑦𝑦�𝑖𝑖 is the transformed data point: 
 
Equation 5.11: Freeman-Tukey double arcsine transformation 
 
𝑦𝑦�𝑖𝑖  = arcsin�𝑦𝑦𝑖𝑖/(100 + 1) +  𝑎𝑎𝑁𝑁𝑎𝑎𝑠𝑠𝑖𝑖𝑛𝑛�(𝑦𝑦𝑖𝑖 + 1)/(100 + 1) 
 
The original scale of the collected data was percentage of total fatty acids. The transformed 
data and consequent meta-analysis results were on the scale of the transformation. The 
results were not back-transformed, as this has a high risk of producing misleading results. 
 
Each meta-analysis consisted of several steps. A weighted intervention effect size, also 
known as a difference in means, was calculated for each trial. These intervention effects 
were then used to calculate the average effect size, reported as a mean with a confidence 
interval. The differences in means and the average effect size is then plotted on a forest plot 
to visualise the overlap of confidence intervals, which indicate the level of homogeneity 
among the intervention effects. The Chi2 test was also performed to calculate it there was 
heterogeneity among the intervention effects. The null hypothesis for the test is that there 
was no heterogeneity and the alternative hypothesis was that there was heterogeneity that 
could potentially influence the results of the meta-analysis. The test is accompanied by the 
Tau2 statistic and the I2 statistic. The Tau2 statistic is an indication of the variation among the 
intervention effects and the I2 statistic report the percentage of heterogeneity. Based on the 
percentage of heterogeneity, a decision is made as to if the data is homogeneous enough to 
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perform a meta-analysis. The Z-test for the overall effect was then performed. The null 
hypothesis for the Z-test was that the rearing substrate composition had no significant effect 
on the concentration of the individual MUFA in the BSFL fatty acid profile. The alternative 
hypothesis was consequently that the rearing substrate composition did have a significant 
effect on the concentration of the individual fatty acid in the BSFL fatty acid profile. The 
significance was set at 5% for both the Z-test and the Chi2 test (P = 0.05). This protocol was 
followed for each of the seven MUFAs as well as the total amount of MUFA in the BSFL fatty 
acid profile. 
 
5.2 Myristoleic acid 
 
Myristoleic acid is a MUFA that consist of a 14 carbon-chain with one double bond (C14:1  
n-5). It is not frequently found as a component of natural fats and oils. Ten of the trials 
reported its presence in the BSFL fatty acid profiles. The highest observed concentration 
was 1.39% when the larvae were reared on quail manure (El-Dakar et al., 2021a). The study 
did not report the presence of myristoleic acid in the substrate, but it did have a high 
concentration of MUFA in the form of oleic acid. The largest reported difference in 
concentration was 0.91% (El-Dakar et al., 2021a). 
 
The meta-analysis of the myristoleic acid data accompanied by a forest plot can be seen in 
Figure 5.. The Chi2 test indicated that the intervention effects were homogenous (P = 1.00). 
Both the Tau2 statistic and the I2 statistic also indicated that there was no heterogeneity of 
importance to be considered before the meta-analysis was performed. The Z-test for the 
overall effect suggest that the rearing substrate composition did not have an effect on the 
myristoleic acid concentration in the BSFL fatty acid profile. 
 
 
Figure 5.1: Software output of meta-analysis of myristoleic acid concentration of black soldier fly 
larval fatty acid profile 
 
Study or Subgroup
Somroo et al 2019
Fischer et al 2021
El-Dakar et al 2021
Hoc et al 2021 (a)
Schreven et al 2021
El-Dakar et al 2020 (2)
Oonincx et al 2015
Hoc et al 2021 (b)
El-Dakar et al 2021 (2)
Total (95% CI)
Heterogeneity: Tau² = 0.00; Chi² = 0.36, df = 8 (P = 1.00); I² = 0%
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5.3 Pentadecenoic acid 
 
Pentadecenoic acid is MUFA that consists of a 15 carbon-chain with a single double bond 
(C15:1 n-5). Pentadecenoic acid is uncommon in natural sources, and it was only detected 
in the BSFL fatty acid profile by three of the trials. The highest observed pentadecenoic acid 
concentration was 0.5% when the larvae were reared on soybean curd residue (Somroo et 
al., 2019). The highest observed concentration for this MUFA was lower than any of the 
other detected MUFAs. The largest difference in concentration reported by a single trial was 
0.13% (Hoc et al., 2021a). 
 
Figure 5. illustrates the meta-analysis performed with the pentadecenoic acid data, with the 
forest plot depicted. The Chi2 test indicated that there was no heterogeneity (P = 0.98). The 
Tau2 statistic indicated that there was no variation. This was also the case with the  
I2 statistic, which indicated that there was 0% heterogeneity. The Z-test for the overall effect 
suggested that the rearing substrate composition had no significant effect on pentadecenoic 
acid concentration of the BSFL. 
 
 
Figure 5.2: Software output of meta-analysis of pentadecenoic acid concentration of black soldier fly 
larval fatty acid profile 
 
5.4 Palmitoleic acid 
 
Palmitoleic acid is a MUFA that consists of a 16 carbon-chain with one double bond (C16:1 
cis-9). It is found in small quantities in plant oils such as olive oil and it can be 
biosynthesized through the action of desaturase on other fatty acids such as palmitic acid 
(C16:0) (Kenar et al., 2017). Most of the trials reported the detection of palmitoleic acid in the 
BSFL fatty acid profile. The highest observed palmitoleic acid concentration was 15.00% 
when the larvae were reared on quail manure, which was high in oleic acid (El-Dakar et al., 
2021a). The largest reported difference in concentration was 11.50% (Ewald et al., 2020). 
 
Study or Subgroup
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Hoc et al 2021 (a)
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The meta-analysis result, the forest plot and the statistical output are shown in Figure 5.. The 
Chi2 test indicated that there was no heterogeneity among the intervention effects that could 
influence the results (P = 0.51). The Tau2 statistic and the I2 statistic also indicated that there 
was no heterogeneity. The Z-test for the overall effect suggested that the rearing substrate 
composition had a significant effect on the palmitoleic acid concentration of the BSFL as it 
had a very low P-value (P < 0.00001). 
 
 
Figure 5.3: Software output of meta-analysis of palmitoleic acid concentration of black soldier fly 
larval fatty acid profile 
 
5.5 Heptadecenoic acid 
 
Heptadecenoic acid is a MUFA that consists of a 17 carbon-chain with one double bond 
(C17:1 n-7). It was the only other odd chain MUFA, besides pentadecenoic acid, that was 
detected by a sufficient number of trials for a meta-analysis to be performed. Heptadecenoic 
acid is uncommon in natural oils and fats. It is however found in small quantities in ruminant 
milk (Alves et al., 2006). Three of the trials reported heptadecenoic acid in their analysed 
BSFL fatty acid profiles. The highest observed concentration was 1.30% when the larvae 
were reared on a formulated artificial feed (Somroo et al., 2019). The same trial reported the 
largest difference in concentration, which was 0.5%. 
 
Study or Subgroup
Meneguz et al 2018 (a)
Danieli et al 2019
Hoc et al 2021 (2)
El-Dakar et al 2020 (2)
Hoc et al 2021 (b)
Oonincx et al 2020
Gao et al 2019
Truzzi et al 2020
Somroo et al 2019
Wang et al 2020
Guil-Guerrero et al 2020
Ewald et al 2020 (b)
Hoc et al 2021 (a)
Meneguz et al 2018 (b)
Oonincx et al 2015
Schreven et al 2021
El-Dakar et al 2021
Galassi 2021
Barroso et al 2017
Fischer et al 2021
Saadoun et al 2020
El-Dakar et al 2021 (2)
Barroso et al 2019
Starcevic et al 2019
Jucker et al 2017
Ewald et al 2020 (a)
Total (95% CI)
Heterogeneity: Tau² = 0.00; Chi² = 24.16, df = 25 (P = 0.51); I² = 0%
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Figure 5. illustrates the meta-analysis results with the accompanying forest plot and the 
statistical output. The Chi2 test indicated that there was no heterogeneity among the 
intervention effects. This was also the case with the Tau2 statistic and the I2 statistic. The  
Z-test for the overall effect indicated that the rearing substrate composition did not have an 
effect on the heptadecenoic acid concentration of the larvae. 
 
 
Figure 5.4: Software output of meta-analysis of heptadecenoic acid concentration of black soldier fly 
larval fatty acid profile 
 
5.6 Oleic acid 
 
Oleic acid is a fatty acid that consists of an 18 carbon-chain with one double bond (C18:1 
cis-9). It is the most prevalent MUFA in natural oils and fats and can be found in high 
concentrations in plant oils such as olive and canola oil (Kenar et al., 2017). It can also be 
present in pork lard and beef tallow. Oleic acid was the only MUFA that was reported as part 
of the BSFL fatty acid profile by all 29 trials. The lowest observed oleic acid concentration 
was 4.75% when the larvae were reared on a formulated feed consisting of 68% ground 
barley, 20% wheat bran and 12% dehydrated alfalfa (Danieli et al., 2019). The highest 
observed concentration was 54.12% when the larvae were reared on crude olive cake, 
which is a by-product of olive oil production (Starcevic et al., 2019). The crude olive cake 
was itself noticeably high in oleic acid (73.31%). The largest reported difference in 
concentration was 39.42%, which was the largest reported difference of any of the MUFAs 
reported in this study (Starcevic et al., 2019). 
 
The meta-analysis performed on the oleic acid data and the resulting statistics and forest 
plot is shown in Figure 5.. The Chi2 test indicated that there was no noticeable heterogeneity 
among the intervention effects. The Tau2 statistic also indicated that there was no variation. 
The I2 statistic however indicated that there was 14% heterogeneity. The forest plot also 
illustrates that there was a slight deviation of overlap of the intervention effect confidence 
intervals for some of the trials. This percentage of heterogeneity was however low enough to 
as to not significantly influence the results of the meta-analysis. The Z-test for the overall 
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effect indicated that the rearing substrate composition had a significant effect on the oleic 
acid concentration of the BSFL as the P-value was very small (P < 0.00001). 
 
 
Figure 5.5: Software output of meta-analysis of oleic acid concentration of black soldier fly larval fatty 
acid profile 
 
5.7 Vaccenic acid 
 
Vaccenic acid is MUFA that consists of an 18 carbon-chain with one double bond (C18:1 
trans-11). The difference between oleic acid and vaccenic acid is that vaccenic acid is a 
trans fatty acid. It is a naturally occurring trans fatty acid, found in ruminant milk, and was the 
only trans MUFA that was reported by a sufficient number of trials for a meta-analysis to be 
performed. Vaccenic acid was found to be present in the BSFL fatty acid profile by 13 of the 
trials. The highest observed concentration was 2.50% when the larvae were reared on 
coffee silverskin, a by-product of the coffee industry and which itself contained vaccenic acid 
(Truzzi et al., 2020). The largest reported difference in vaccenic acid concentration was 
2.10% (Ewald et al., 2020). 
 
Figure 5. shows the results of the meta-analysis performed on the vaccenic acid data. The 
Chi2 test indicated that there was no heterogeneity among the intervention effect. The Tau2 
statistic and the I2 statistic both confirmed the homogeneity. The Z-test for the overall effect 
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indicated that the rearing substrate composition had a significant effect on the vaccenic acid 
concentration of the larvae (P = 0.005). 
 
 
Figure 5.6: Software output of meta-analysis of vaccenic acid concentration of black soldier fly larval 
fatty acid profile 
 
5.8 Gondoic acid 
 
Gondoic acid is a MUFA that consists of a 20 carbon-chain with one double bond (C20:1 cis-
11). It if found in small quantities in rapeseed and canola oil (Kenar et al., 2017). Seven of 
the trials detected gondoic acid in the BSFL fatty acid profile. The highest reported gondoic 
acid concentration was 2.05% when the larvae were reared on a substrate that consisted of 
50% chicken feed and 50% camelina pressed cake (Schreven et al., 2021). The camelina 
pressed cake reportedly contained 7.81% gondoic acid (as % of total fatty acids). The 
largest reported difference in concentration was 1.99% and was reported by the same study. 
 
The meta-analysis performed on the gondoic acid concentration data is reported in Figure 5.. 
The Chi2 test indicated that there was no heterogeneity among the intervention effects. Both 
the Tau2 statistic and the I2 statistic indicated that there was no measure of heterogeneity. 
The Z-test for the overall effect suggested that the rearing substrate composition had no 
significant effect on the gondoic acid concentration of the larvae. 
 
Study or Subgroup
Oonincx et al 2020
Meneguz et al 2018 (b)
Meneguz et al 2018 (a)
Ewald et al 2020 (b)
Danieli et al 2019
Oonincx et al 2015
Barroso et al 2019
Schreven et al 2021
Galassi 2021
Guil-Guerrero et al 2020
Barroso et al 2017
Truzzi et al 2020
Ewald et al 2020 (a)
Total (95% CI)
Heterogeneity: Tau² = 0.00; Chi² = 5.24, df = 12 (P = 0.95); I² = 0%
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Figure 5.7: Software output of meta-analysis of gondoic acid concentration of black soldier fly larval 
fatty acid profile 
 
5.9 Total monounsaturated fatty acids 
 
Fatty acids are divided into two broad groups, saturated fatty acids (SFAs) and unsaturated 
fatty acids (UFAs), which indicates the presence or absence of double bonds. Unsaturated 
fatty acids are then further divided into monounsaturated fatty acids (MUFAs) and 
polyunsaturated fatty acids (PUFAs), which indicate if there is one or more double bonds. 
The MUFA content of a fatty acid profile assists therefore in reporting the structural and 
functional properties of the fatty acid profile. The MUFA content of the BSFL was reported by 
20 of the trials. The lowest observed MUFA concentration was 7.20% when the larvae were 
reared on chicken feed (Hoc et al., 2021a). The diet mostly consisted of PUFAs and the 
BSFL fatty acid profile mostly consisted of SFAs. The highest reported MUFA concentration 
was 63.37% when the larvae were reared on crambe pressed cake, which was reportedly 
high in both mono- and polyunsaturated fatty acids (Schreven et al., 2021).  
 
Figure 5.11 shows the results of the meta-analysis performed on the MUFA data. The Chi2 
test indicated that there was heterogeneity among the intervention effects that could 
influence the meta-analysis results (P = 0.04). The Tau2 statistic also indicated that there 
was some variation. The I2 statistic indicated that there was 38% heterogeneity. This 
percentage of heterogeneity was still sufficiently low for it not to affect the meta-analysis. 
The Z-test for the overall effect suggested that the rearing substrate composition had a 
significant effect on the MUFA concentration of the BSFL fatty acid profile. 
 
Study or Subgroup
Fischer et al 2021
El-Dakar et al 2021 (2)
Truzzi et al 2020
Barroso et al 2017
El-Dakar et al 2021
Romano et al 2021
Schreven et al 2021
Total (95% CI)
Heterogeneity: Tau² = 0.00; Chi² = 2.46, df = 6 (P = 0.87); I² = 0%
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Figure 5.11: Software output of meta-analysis of the total concentration of monounsaturated fatty 




The meta-analyses performed on the concentrations of the individual monounsaturated fatty 
acids (MUFAs) and the total amount of MUFA calculated the heterogeneity among the 
observed intervention effects as well as the significance of the observed effect. Additionally, 
it calculated the average intervention effect sizes as means with accompanying confidence 
intervals. The meta-analyses results are illustrated in Table 5.. Back-transformations were 
not performed on the results as literature suggested that back-transformation of the 
Freeman-Tukey double arcsine transformation could bare misleading results. Therefore, the 











Oonincx et al 2020
Meneguz et al 2018 (a)
Danieli et al 2019
Ewald et al 2020 (b)
El-Dakar et al 2020 (2)
Hoc et al 2021 (2)
Meneguz et al 2018 (b)
Hoc et al 2021 (b)
Gao et al 2019
El-Dakar et al 2021
Barroso et al 2017
Liland et al 2017
El-Dakar et al 2021 (2)
Barroso et al 2019
Ewald et al 2020 (a)
Jucker et al 2017
Hoc et al 2021 (a)
Saadoun et al 2020
Schreven et al 2021
Starcevic et al 2019
Total (95% CI)
Heterogeneity: Tau² = 0.02; Chi² = 30.69, df = 19 (P = 0.04); I² = 38%
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Table 5.3: Average effect size (with confidence intervals) of rearing substrate composition on the 
different individual monounsaturated fatty acid concentrations calculated by the meta-analyses 
Fatty acid Average effect 
size (with CI) 
Z-test P-
value 
Chi2 P-value Tau2 I2 
Myristoleic acid 0.5 [-0.02, 0.11] 0.16 1.00 0.00 0% 
Pentadecenoic acid 0.01 [-0.11, 0.12] 0.89 0.98 0.00 0% 
Palmitoleic acid 0.14 [0.09, 0.18] <0.00001 0.51 0.00 0% 
Heptadecenoic acid 0.05 [-0.08, 0.17] 0.47 0.99 0.00 0% 
Oleic acid 0.20 [0.14, 0.26 <0.00001 0.26 0.00 14% 
Vaccenic acid 0.07 [0.02, 0.12] 0.005 0.95 0.00 0% 
Gondoic acid 0.05 [-0.01, 0.11] 0.09 0.87 0.00 0% 
Total MUFA 0.26 [0.17, 0.35] <0.00001 0.04 0.02 38% 
 
The rearing substrate composition had a significant effect on the palmitoleic, oleic and 
vaccenic acid concentrations of the larvae. The largest effect was seen on the oleic acid 
concentration, which was also the only MUFA that were reported as part of the BSFL fatty 
acid profile by all 29 trials. The total amount of MUFA was also significantly affected by the 
rearing substrate composition. The concentration of the other MUFAs, which included 
myristoleic, pentadecenoic, heptadecenoic and gondoic acid, were not affected by the 
rearing substrate composition. This leads to the conclusion that the larvae biosynthesize 
these fatty acids by converting other fatty acids, obtained through their diet, in the amounts 
needed for proper biological function independent of the rearing substrate composition.  
 
These results suggest that it is possible to modify the BSFL fatty acid profile to an extent 
through the formulation of the rearing substrate, specifically, in regards to the palmitoleic, 
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Meta-analyses of polyunsaturated fatty acids 
 
 
Naturally occurring polyunsaturated fatty acids (PUFAs) contain two to six double bonds. In 
plants PUFAs generally have a maximum of three double bonds, but in algae and fish they 
can contain up to six. These fatty acids have a further classification into omega-3 (n-3) and 
omega-6 (n-6) fatty acids, which referred to the double bond carbon in the chain that is 
closest to the terminal methyl end. Humans and animals do not have the ability to 
biosynthesize these fatty acids and therefore they have to be accumulated through the diet 
as they are essential for proper functioning and health. 
 
As with the meta-analyses performed for the saturated fatty acids, data from 29 trials that 
originated from 26 studies were used to perform meta-analyses (Error! Reference source not 
found. in Appendix A). Sixteen PUFAs were reportedly present in the BSFL fatty acid profile 
by either one or multiple studies (Table 6.6). Only one of the PUFAs, linoleic acid, was 
always present in the larvae. Meta-analyses were performed on data regarding nine of the 
identified PUFAs. The other PUFAs were excluded for the meta-analysis as they were not 
detected in the BSFL fatty acid profile by a sufficient number of trials. Meta-analyses were 
also performed on the total PUFA content as well as the total omega-6 and omega-3 fatty 
















Table 6.6: List of polyunsaturated fatty acids identified as present in the black soldier fly larval fatty 
acid profile 





Linoleic acid all-cis-9,12-octadecadienoic acid C18:2n-6 Yes 
Linolelaidic acid Trans,trans-9,12-octadecadienoic acid C18:2 trans No 
α-Linolenic acid all-cis-9,12,15-octadecatrienoic acid C18:3n-3 Yes 
γ-Linolenic acid all-cis-6,9,12-octadecatrienoic acid C18:3n-6 Yes 
Stearidonic acid all-cis-6,9,12, 15-octadecatetraenoic acid C18:4n-3 Yes 
Eicosadienoic acid all-cis-11,14-eicosadienoic acid C20:2n-6 Yes 
Eicosatrienoic acid All-cis-11,14,17-eicosatrienoic acid 20:3n-3 No 
Dihomo-γ-linolenic acid All-cis-8,11,14-eicosatrienoic acid C20:3n-6 No 
Eicosatetraenoic acid all-cis-8,11,14,17-eicosatetraenoic acid C20:4n-3 No 
Arachidonic acid all-cis-5,8,11,14-eicosatetraenoic acid C20:4n-6 Yes 
Eicosapentaenoic acid all-cis-5,8,11,14,17-eicosapentaenoic acid C20:5n-3 Yes 
Docosadienoic acid all-cis-13,16-docosadienoic acid C22:2n-6 No 
Adrenic acid all-cis-7,10,13,16-docosatetraenoic acid C22:4n-6 No 
Docosapentaenoic acid all-cis-7,10,13,16,19-docosapentaenoic 
acid 
C22:5n-3 No 
Docosapentaenoic acid all-cis-4,7,10,13,16-docosapentaenoic acid C22:5n-6 Yes 




6.1 Summary statistics 
 
The summary statistics regarding the BSFL fatty acid polyunsaturated fatty acids (PUFAs) 
consisted of the lowest observed concentrations, the highest observed concentration, and 
the largest difference in concentration of an individual fatty acid (Table 6.). Only linoleic acid 
was found to always be present in the BSFL fatty acid profile. Therefore, the lowest 
concentration for all the other PUFAs was noted as zero. Linoleic acid was also 
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demonstrated to have the highest observed concentration among the individual fatty acids 
with 37.40%, which is more than 10% higher than any of observed concentrations for the 
other PUFAs (Saadoun et al., 2020). The total amount of PUFA in the BSFL fatty acid profile 
exhibited a range from 2.80% (Jucker et al., 2017) to 42.10% (Jucker et al., 2017). 
 
Table 6.2: Summary statistic regarding levels of individual polyunsaturated fatty acids (PUFAs) in 
black soldier fly larval fatty acid profile (in % of total fatty acids) 
Fatty acid Lower 
concentration limit 
(mean ± SD) 
Higher concentration 







0.70 ± 0.10  
(Guil-Guerrero et al., 
2020) 
37.40 ± 0.30  
(Saadoun et al., 2020) 
26.90 [26.42, 27.38]  
(Saadoun et al., 2020) 
α-Linolenic acid 
(C18:3n-3) 
0* 22.10 ± 1.07  
(El-Dakar et al., 2021b)  
20.43 [19.37, 21.49]  
(El-Dakar et al., 2021b) 
γ-Linolenic acid 
(C18:3n-6) 
0* 1.90 ± 0.60  
(Truzzi et al., 2020) 
1.80 [1.49, 2.11]  
(Truzzi et al., 2020) 
Stearidonic acid 
(C18:4n-3) 
0* 2.90 ± 0.40  
(Guil-Guerrero et al., 
2020) 
2.40 [1.89, 2.91]  




0* 0.17 ± 0.05  
(Schreven et al., 2021) 
0.10 [0.02, 0.18]  
(Schreven et al., 2021) 
Arachidonic acid 
(C20:4n-6) 
0* 5.50 ± 0.20  
(Guil-Guerrero et al., 
2020) 
3.80 [3.41, 4.19]  




0* 11.70 ± 0.10  
(Truzzi et al., 2020) 
11.10 [11.03, 11.17]  




0* 0.84 ± 0.50  
(Schreven et al., 2021) 
0.77 [0.27, 1.27]  
(Schreven et al., 2021) 
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Table 6.2: Continued 
Fatty acid Lower 
concentration limit 
(mean ± SD) 
Higher concentration 








0* 16.70 ± 0.30  
(Truzzi et al., 2020) 
16.20 [16.04, 16.36]  
(Truzzi et al., 2020) 
Total n-3 fatty 
acids 
0* 16.50 ± 2.50  
(Ewald et al., 2020) 
14.90 [s12.07, 17.73]  
(Ewald et al., 2020) 
Total n-6 fatty 
acids 
0* 21.10 ± 1.40  
(Liland et al., 2017) 
18.10 [17.41, 18.79]  
(Jucker et al., 2017) 
Total PUFA 2.80 ± 0.10  
(Jucker et al., 2017) 
38.90 ± 0.40  
(Saadoun et al., 2020) 
27.10 [26.38, 27.82] 
(Saadoun et al., 2020) 
* Fatty acid was absent in black soldier fly larvae in some included trials. 
All values presented as % of total fatty acids. 
SD – standard deviation. 
CI – confidence interval. 
 
The fatty acid profile data collected for the purpose of performing meta-analyses was in the 
form of the concentrations of the individual fatty acids in respect to the BSFL fatty acid profile 
(mean ± SD) and the fatty acid profile analysis sample sizes. Some of the studies reported 
the standard errors instead of the standard deviations. The standard deviations were then 
calculated using Equation 6.12. 
 
Equation 6.12: Standard deviation calculation 
 
𝑆𝑆𝑠𝑠𝑎𝑎𝑛𝑛𝑑𝑑𝑎𝑎𝑁𝑁𝑑𝑑 𝑑𝑑𝑁𝑁𝑑𝑑𝑖𝑖𝑎𝑎𝑠𝑠𝑖𝑖𝑜𝑜𝑛𝑛 = 𝑠𝑠𝑠𝑠𝑎𝑎𝑛𝑛𝑑𝑑𝑎𝑎𝑁𝑁𝑑𝑑 𝑁𝑁𝑁𝑁𝑁𝑁𝑜𝑜𝑁𝑁 ×  �𝑠𝑠𝑎𝑎𝑁𝑁𝑠𝑠𝑠𝑠𝑁𝑁 𝑠𝑠𝑖𝑖𝑠𝑠𝑁𝑁 
 
Preliminary meta-analyses were performed on the data, and it was found that the 
heterogeneity was so high for the meta-analyses to produce accurate results. The data was 
therefore transformed using the Freeman-Tukey double arcsine transformation (Freeman & 
Tukey, 1950). Equation 6.13 illustrates the transformation, where 𝑦𝑦𝑖𝑖 is the original data point 




Equation 6.13: Freeman-Tukey double arcsine transformation 
 
𝑦𝑦�𝑖𝑖  = arcsin�𝑦𝑦𝑖𝑖/(100 + 1) +  𝑎𝑎𝑁𝑁𝑎𝑎𝑠𝑠𝑖𝑖𝑛𝑛�(𝑦𝑦𝑖𝑖 + 1)/(100 + 1) 
 
The data transformation also changed the scale of the data, which was originally in % of total 
fatty acids. The meta-analysis results were reported on the transformed scale. It was 
decided to report in the transformed scale as a back-transformation of the results to the 
original scale had a high risk of producing misleading results.  
 
The meta-analysis protocol was used to calculate the intervention effects, also known as the 
difference in means. These are visually represented in a forest plot. The intervention effects 
were weighted, and the average effect calculated. The statistical component of the meta-
analysis consisted of tests for heterogeneity and a Z-test for the overall effect. The Chi2 test 
was performed to evaluate if there as any heterogeneity of importance. The null hypothesis 
was that there was no observed heterogeneity of importance, and the alternative hypothesis 
was that there was heterogeneity that could have an impact on the results. The 
accompanying Tau2 statistic represented the variance among the observed intervention 
effects and is incorporated into the weighting of the intervention effects by the meta-analysis 
software. The I2 statistic represented the percentage of heterogeneity found among the 
intervention effects. This provided a scale that could be used to determine a cut-off point as 
to when the heterogeneity was too high for a meta-analysis to be justified. For the Z-test of 
the overall effect the null hypothesis was that there was no effect on the concentration of the 
individual PUFA due to the rearing substrate composition and that any difference in means 
was purely due to chance. The alternative hypothesis was that the intervention effect was 
indeed due to the effect of the rearing substrate composition. 
 
6.2 Linoleic acid 
 
Linoleic acid is an omega-6 fatty acid consisting of an 18 carbon-chain with two double 
bonds (C18:2 n-6). It is found in high concentrations in plant oils such as cottonseed, 
soybean and sunflower oil (Kenar et al., 2017). It was the only PUFA that was found to be 
present in the BSFL fatty acid profile by all 29 trials in this study. The lowest observed 
concentration was 0.70% when the larvae were reared on coconut by-product, which had 
very low concentration of unsaturated fatty acids and very high concentrations of saturated 
fatty acids (Guil-Guerrero et al., 2020). The highest observed concentration was 37.40% 
when the larvae were reared on tomato peels and seeds (Saadoun et al., 2020). The same 
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study reported the largest difference in linoleic acid concentration (26.90%). This was also 
the largest difference found among any of the PUFAs. 
 
The meta-analysis of linoleic acid with accompanying statistics and forest plot can be seen in 
Figure 6.. The Chi2 test indicated that there was heterogeneity among the intervention 
effects (P = 0.007). The Tau2 statistic, which is an indication of the variation among the 
intervention effects, also indicated some heterogeneity. The I2 statistic, which is an indication 
of the extent of the heterogeneity, indicated a moderate level of heterogeneity. It was 
however still acceptably low for the meta-analysis. This slight deviation from complete 
homogeneity can also be seen in the forest plot where there is a shift to the right and some 
intervention effect confidence intervals do not overlap. The Z-test for the overall effect 
produced a very low P-value (P < 0.00001). This indicated that the rearing substrate 
composition had an effect on the linoleic acid concentration and that the differences in 
concentrations were due to the investigated effect and not purely due to chance. 
 
 
Figure 6.1: Software output of meta-analysis of linoleic acid concentration of black soldier fly larval 
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6.3 α-Linolenic acid 
 
α-Linolenic acid is an omega-3 PUFA consisting of an 18 carbon-chain with three double 
bonds (C18:3 n-3). It is found in most plant oils, such as soybean, canola, flax seed and soy, 
and some animal fats (Kenar et al., 2017). It is considered an essential fatty acid for humans 
and animals as they do not have the ability to biosynthesize α-linolenic acid. It can then be 
converted into other longer chain PUFAs by liver desaturase and elongation enzymes. 
Linolenic acid has two isomers of which α-linolenic acid is naturally found in higher 
concentrations. Most of the trials reported it as present in the BSFL fatty acid profile, but as 
two reported it as absent the lowest concentration was noted as zero. The highest observed 
concentration was 22.10% when the larvae were reared on ground silkworm pupae, which is 
a by-product of the silk industry and is itself high in α-linolenic acid (El-Dakar et al., 2021b). 
The same study found the largest difference in concentration, which was 20.43%. After 
linoleic acid, α-Linolenic acid was the PUFA that was observed to be found in the highest 
concentrations in BSFL. 
 
The meta-analysis of the α-linolenic acid data is shown in Figure 6.. The statistical output 
regarding heterogeneity and the overall effect as well as the forest plot can also be seen in 
the figure. The Chi2 test indicated that there was heterogeneity among the intervention 
effects that could influence the accuracy of the meta-analysis results as it had a very low  
P-value (P < 0.00001). The Tau2 statistic indicated a level of variation among the effects. 
The I2 statistic indicated that there was 64% heterogeneity, which is seen as substantial 
heterogeneity. The Z-test for the overall effect indicated that the rearing substrate 
composition had an effect on the concentration of α-linolenic acid in the BSFL as the P-value 
was very low (P < 0.00001). As previously mentioned, there was substantial heterogeneity 
among the intervention effects. Therefore, the meta-analysis results in terms of the 






Figure 6.2: Software output of meta-analysis of α-linolenic acid concentration of black soldier fly larval 
fatty acid profile 
 
6.4 γ-Linolenic acid 
 
γ-Linolenic acid is the omega-6 isomer of linolenic acid (C18:3n-6). It is found in smaller 
quantities in nature compared to α-linolenic acid. In humans and animals, linoleic acid is 
converted into γ-linolenic acid as an intermediate step in the synthesis of arachidonic acid. 
Studies suggest that γ-linolenic acid could play a role in the prevention and alleviation of 
some diseases in humans. Only two of the trials reported γ-Linolenic acid as present in the 
BSFL fatty acid profile. This is in line with the assumption that it is rarely found in BSFL as 
opposed to α-linolenic acid, which was almost always detected in the larvae. The highest 
observed concentration was 1.90% when the larvae were reared on coffee silverskin, a by-
product of coffee production, enriched with algae (Truzzi et al., 2020). The same study 
reported the largest difference in concentration with a difference of 1.80%. 
 
Figure 6. shows the meta-analysis performed on the γ-linolenic acid data along with its forest 
plot. The Chi2 test indicated that there was no heterogeneity of importance among the 
intervention effects (P = 0.42). Both the Tau2 statistic and the I2 statistic also indicated that 
the intervention effects were sufficiently homogeneous so that it would not have an effect on 
the meta-analysis results. The Z-test for the overall effect indicated that the rearing substrate 
composition had an effect on the concentration of γ-Linolenic in the BSFL (P = 0.007). 
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Figure 6.3: Software output of meta-analysis of γ-linolenic acid concentration of black soldier fly larval 
fatty acid profile 
 
6.5 Stearidonic acid 
 
Stearidonic acid is an omega-3 PUFA that is made up of a chain with 18 carbons and four 
double bonds (C18:4n-3). It is one of the fatty acids that are synthesized from linolenic acid 
by means of desaturase. Stearidonic acid was reported as present in the BSFL fatty acid 
profile by four of the trials. This indicates that it is not that common in the larvae. The highest 
observed concentration was 2.90% when the larvae were reared on a laying hen feed 
supplemented with 10% guar (Guil-Guerrero et al., 2020). It should however be noted that 
none of the substrates used in this specific trial contained any detectable stearidonic acid. 
Therefore, the larvae biosynthesized the stearidonic acid from the linolenic acid available in 
the substrate. The largest difference in concentration reported by one trial was 2.40% (Guil-
Guerrero et al., 2020). 
 
The meta-analysis result and the forest plot representation is seen in Figure 6.. The Chi2 test 
indicated that there was no heterogeneity among the intervention effects (P = 0.87). This 
was also found for the Tau2 statistic and the I2 statistic. This suggested that there was no 
heterogeneity among the intervention effect that could influence the meta-analysis. The Z-
test for the overall effect had a P-value slightly higher than the cut off value for significance  
(P = 0.08). This suggested that the observed intervention effect was likely due to chance 
rather than in rearing substrate composition. It should however be noted that the P-value 
was close to the significance cut off value, which was P = 0.05. This could indicate that there 
might be an observed effect. Data from more trials would likely give a better indication of the 
significance of an observed effect. 
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Figure 6.4: Software output of meta-analysis of stearidonic acid concentration of black soldier fly 
larval fatty acid profile 
 
6.6 Eicosadienoic acid 
 
Eicosadienoic acid is an omega-6 PUFA that consists of a 20 carbon-chain with two double 
bonds (C20:2n-6). It is occasionally found in small quantities (< 0.1% of total fatty acids) in 
plant oils and animal fats. The highest observed concentration was 0.17% when the larvae 
were reared on camelina pressed cake, which reportedly contained 1.39% eicosadienoic 
acid (Schreven et al., 2021). The same study reported the largest difference in 
concentration, which was 0.10%. 
 
The meta-analysis was performed on the eicosadienoic acid concentration data and is 
shown in Figure 6.. The heterogeneity was evaluated with the Chi2 test, and the results 
suggested there was no heterogeneity (P = 0.99). The same conclusion could be made 
based on the Tau2 statistic and the I2 statistic, which both suggested that the intervention 
effects were homogeneous. The Z-test indicated that the effect was not significant and that 




Figure 6.5: Software output of meta-analysis of eicosadienoic acid concentration of black soldier fly 
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6.7 Arachidonic acid 
 
Arachidonic acid is an omega-6 PUFA that consists of a 20 carbon-chain with four double 
bonds (C20:4n-6). It is occurs naturally in plant oils such as corn, soybean and sunflower oil 
(Kenar et al., 2017). Although humans and animals have the ability to biosynthesize 
arachidonic acid from linoleic acid to a small extent, their predominant arachidonic acid 
source is meat and fish. Seven of the trials reported the presence of arachidonic acid in the 
BSFL fatty acid profile. The largest observed concentration was 5.50% when the larvae were 
reared on pork viscera (Guil-Guerrero et al., 2020). The largest reported difference in 
concentration was 3.80% (Truzzi et al., 2020). 
 
Figure 6. illustrates the results of the meta-analysis performed on the arachidonic acid 
concentration data. The results are accompanied by a forest plot that illustrates the 
intervention effect confidence intervals. The Chi2 test indicated that there was no 
heterogeneity as the P-value was larger than 0.05 (P = 0.18). The Tau2 statistic also 
indicated homogeneity among the intervention effects. The I2 statistic did indicate a small 
amount of heterogeneity (32%). This was however deemed not to be important. The forest 
plot suggests that the observed heterogeneity originated from the results of one trial as its 
confidence interval has a lack of overlap with the other confidence intervals. The Z-test for 
the overall effect suggested that the rearing substrate composition did indeed have a 
significant effect on the arachidonic acid concentration in the larvae (P = 0.03). 
 
 
Figure 6.6: Software output of meta-analysis of arachidonic acid concentration of black soldier fly 
larval fatty acid profile 
 
6.8 Eicosapentaenoic acid 
 
Eicosapentaenoic acid (EPA) is an omega-3 PUFA made up of a 20 carbon-chain with five 
double bonds (C20:5n-3). It is considered an important fatty acid for proper human biological 
functioning and health. Humans main source of EPA is fish oil. Fish cannot however 
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biosynthesize EPA and rather accumulate it through the ingestion of algae, which have the 
ability to biosynthesize the fatty acid. Seven of the trials reported its presence in the BSFL 
fatty acid profile. The highest observed EPA concentration was 11.70% when the larvae 
were reared on coffee silverskin substituted with 25% algae, which as previously mentioned 
have the ability to biosynthesize EPA (Truzzi et al., 2020). The same study reported the 
largest difference in EPA concentration, which was reported as 11.1%. 
 
Error! Reference source not found. illustrates the second meta-analysis performed on the EPA 
concentration data. The results of the first meta-analysis can be found in Appendix B (Figure 
B 3). The Chi2 test performed on the first meta-analysis data suggested that there was 
definitely heterogeneity among the observed intervention effects. The I2 statistic also 
indicated that the heterogeneity was considerable (80%). The Tau2 statistic suggested the 
same. Such a large amount of heterogeneity would most likely influence the results of the 
meta-analysis. The source of the heterogeneity was therefore investigated. It was found that 
the data from one trial was responsible for the heterogeneity (Truzzi et al., 2020). A second 
meta-analysis was therefore performed on the EPA data while excluding the data from this 
particular trial. The trial data was excluded on the basis that it was the only trial that reared 
the larvae on a substrate with such high concentrations of EPA due to the inclusion of algae 
and that the difference between it and the other trials negatively affected the meta-analysis. 
The Chi2 test resulting from the second meta-analysis suggested that the intervention effects 
were homogeneous (P = 0.83). The Z-test for the overall effect suggested that the rearing 
substrate composition had an effect on the EPA concentration of the larvae (P = 0.01). By 
comparing the average intervention effects calculated by the two meta-analyses performed 
on the EPA concentration data, it is visible that the excluded study had an effect on it. 
 
 
Figure 6.7: Software output of meta-analysis of eicosapentaenoic acid concentration of black soldier 
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6.9 Docosapentaenoic acid 
 
Docosapentaenoic acid (DPA) is an omega-6 PUFA that consists of a 22 carbon-chain with 
five double bonds (C22:5n-6). Only two of the trials reported the presence of DPA in the 
BSFL fatty acid profile. The highest observed concentration was 0.84% when the larvae 
were reared on chicken feed substituted with 25% crambe pressed cake (Schreven et al., 
2021). The feed itself did not contain any DPA, but it did however contain precursor fatty 
acids for its biosynthesis. The largest difference in concentration, which was 0.77%, was 
reported by the same study. 
 
The meta-analysis performed on the DPA concentration data is illustrated in Figure 6.. The 
Chi2 test suggested that there was no heterogeneity among the intervention effects  
(P = 0.92). The homogeneity was confirmed by the Tau2 statistic and the I2 statistic. The Z-
test for the overall effect indicated that the difference in concentrations were most likely due 
to chance rather than the rearing substrate composition (P = 0.34). 
 
 
Figure 6.8: Software output of meta-analysis of docosapentaenoic acid concentration of black soldier 
fly larval fatty acid profile 
 
6.10 Docohexaenoic acid 
 
Docohexaenoic acid (DHA) is an omega-3 PUFA that consists of a 22 carbon-chain with five 
double bonds (C22:6n-3). Research has suggested an association between DHA and 
human health due to its possible role in the prevention of various diseases. The main source 
of DHA for humans and animals is fish oil. Six trials reported it to be present in the BSFL 
fatty acid profile. The highest observed concentration was 16.70% when the larvae were 
reared on coffee silverskin substituted with 20% algae, which biosynthesize DHA and can 
contain high concentrations of the fatty acid (up to 80% of total FA) (Truzzi et al., 2020). The 
same study reported the largest difference in concentration with 16.20%.  
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Appendix B shows the results of the preliminary meta-analysis performed on the DHA 
concentration data (Figure B 4). Its Chi2 test indicated that there was significant 
heterogeneity among the intervention effects (P < 0.00001). The I2 statistic indicated that 
there was 89% heterogeneity, which is seen as considerable. Due to the high percentage of 
heterogeneity, the source was investigated. The forest plot suggested that one specific trial 
was the source of the heterogeneity (Truzzi et al., 2020). This trial was also the source of 
heterogeneity for the meta-analysis of the EPA concentration. The rearing substrate used in 
this trial was much higher in DHA and EPA than any of the other trials. A second meta-
analysis was performed on the data that excluded this trial data with the aim of calculating 
more accurate results. The second meta-analysis is shown in Figure 6.. The Chi2 test 
performed for the second meta-analysis showed that excluding the one trial, reduced the 
heterogeneity  
(P = 0.87). The I2 statistic and the Tau2 statistic indicated no heterogeneity in the second 
meta-analysis. The Z-test for the overall effect indicated that the rearing substrate 
composition had a significant effect on the DHA concentration of the larvae. 
 
 
Figure 6.9: Software output of meta-analysis of docohexaenoic acid concentration of black soldier fly 
larval fatty acid profile 
 
6.11 Total omega-6 and omega-3 fatty acid concentration 
 
Polyunsaturated fatty acids of importance can generally be subdivided into two categories: 
the omega-6 (n-6) and omega-3 (n-3) fatty acids. The designations of n-6 and n-3 refer to 
the position of the double bond carbon that is closest to the terminal methyl end rather than 
the systematic numbering which starts at the carboxyl end (Kenar et al., 2017). There are 
two PUFAs that are considered essential fatty acids for humans and animals as they lack the 
ability to biosynthesise these fatty acids successfully. These are linoleic acid (C18:2 n-6) and 
α-linolenic acid (C18:3 n-3). Linoleic acid and α-linolenic acid are then converted into other 
PUFAs in the body through desaturase and elongation enzymes reactions to meet the 
biological requirements for the other PUFAs. This process however has low efficiency. 
Therefore, the main sources of the various omega-6 and omega-3 fatty acids are still the 
Study or Subgroup
Truzzi et al 2020
Schreven et al 2021
Barroso et al 2017
Ewald et al 2020 (b)
Barroso et al 2019
El-Dakar et al 2020 (2)
Total (95% CI)
Heterogeneity: Tau² = 0.00; Chi² = 1.24, df = 4 (P = 0.87); I² = 0%




























































Highest Lowest Mean Difference Mean Difference
IV, Random, 95% CI
-0.5 -0.25 0 0.25 0.5
Stellenbosch University https://scholar.sun.ac.za
95 
diet. Omega-6 and omega-3 fatty acids utilize the same enzymes during the biosynthesis 
process and are consequently competing substrates. Therefore, the total amount of omega-
6 and omega-3 fatty acids, and especially the ratio of the two, play an important role in 
evaluating the nutritional value of food or feed. Recently the recommendation has been to 
aim for a ratio close to 1:1 of omega-6 to omega-3 fatty acids. Western diets are generally 
deficient in omega-3 and have excessive amounts of omega 6, which leads to a ratio as high 
as 15:1 to 16.7:1. Ratios as high as this have been associated with an increased risk of 
various diseases, including cardiac and pulmonary diseases.  
 
Understanding the influence of the rearing substrate composition on the total amount of 
omega-6 and omega-3 fatty acids in the BSFL could assist in the formulation of rearing 
substrates that can improve the ratio and add to the nutritional value of the larvae. Meta-
analyses were performed on the data regarding the total amount of omega-6 and omega-3 
fatty acids in the BSFL fatty acid profile.  
 
6.11.1 Omega-6 fatty acids 
 
The highest observed concentration of omega-6 fatty acids was 21.10% when the larvae 
were reared on ground brown algae (Liland et al., 2017). The largest reported difference in 
its concentration was 18.10% (Jucker et al., 2017).  
 
The results of the meta-analysis performed on the omega-6 fatty acid concentration data is 
shown in Figure 6.. The Chi2 test indicated that there was heterogeneity among the 
intervention effects that should be addressed (P = 0.03). The Tau2 statistic indication some 
variation and the I2 statistic indicated that there was 59% heterogeneity among the 
intervention effects, which is considered a substantial amount of heterogeneity. The Z-test 
for the overall effect suggested that the rearing substrate composition had an effect on the 
concentration of omega-6 fatty acids in the BSFL fatty acid profile (P = 0.006). The 
suggested significant effect should however be interpreted conservatively as the 





Figure 6.10: Software output of meta-analysis of total omega 6 fatty acids concentration of black 
soldier fly larval fatty acid profile 
 
6.11.2 Omega-3 fatty acids 
 
The highest observed concentration of omega-3 fatty acids was 16.50% when the larvae 
were reared on ensiled mussels, which was reportedly high in omega-3 fatty acids (44.90%) 
(Ewald et al., 2020). The largest difference in omega-3 fatty acid concentration was 14.90% 
and was reported by the same study. The observed difference in omega-3 fatty acid 
concentration in the larvae mirrored an observed difference in omega-3 fatty acid 
concentration in the substrates.  
 
Figure 6. illustrates the meta-analysis performed on the omega-3 fatty acid concentration 
data. The Chi2 test indicated that there was no heterogeneity that needed to be addressed 
(P = 0.06). The P-value was however close to the cut off value and therefore the other 
statistics were also evaluated. The Tau2 statistic indicated some heterogeneity and the  
I2 statistic indicated 51% heterogeneity, which is seen as moderate. The Z-test for the overall 
effect suggested that the rearing substrate composition had an effect on the omega-3 fatty 
acid concentration of the larvae as the P-value was very low (P < 0.00001).  
 
 
Figure 6.11: Software output of meta-analysis of total omega 3 fatty acids concentration of black 
soldier fly larval fatty acid profile 
 
Study or Subgroup
Oonincx et al 2020
Liland et al 2017
El-Dakar et al 2020 (2)
Schreven et al 2021
Starcevic et al 2019
Jucker et al 2017
Total (95% CI)
Heterogeneity: Tau² = 0.03; Chi² = 12.20, df = 5 (P = 0.03); I² = 59%





























































Highest Lowest Mean Difference Mean Difference
IV, Random, 95% CI
-0.5 -0.25 0 0.25 0.5
Study or Subgroup
Starcevic et al 2019
Ewald et al 2020 (b)
Jucker et al 2017
El-Dakar et al 2020 (2)
Oonincx et al 2020
Ewald et al 2020 (a)
Schreven et al 2021
Total (95% CI)
Heterogeneity: Tau² = 0.02; Chi² = 12.18, df = 6 (P = 0.06); I² = 51%





































































Highest Lowest Mean Difference Mean Difference
IV, Random, 95% CI
-1 -0.5 0 0.5 1
Stellenbosch University https://scholar.sun.ac.za
97 
6.12  Total polyunsaturated fatty acids 
 
The broadest way to categorise fatty acids are by grouping them based on saturation. 
Thereby obtaining two groups: saturated fatty acids (SFAs) and unsaturated fatty acids 
(UFAs). This categorisation indicates the level of saturation of a fatty acid profile. 
Unsaturated fatty acids are then subdivided into monounsaturated fatty acids (MUFAs) and 
polyunsaturated fatty acids (PUFAs). This is done because of the major functional and 
structural differences between MUFAs and PUFAs. Reporting the total amount of PUFA 
therefore does not only describe the level of saturation of a fatty acid profile, but also 
indicates to structural and functional characteristics of the fatty acid profile. The total amount 
of PUFA was however not reported by all the trials in this study. Data regarding this 
concentration was collected from 20 of the included trials. The lowest observed PUFA 
concentration was 2.80% when the larvae were reared on fruit (Jucker et al., 2017). The 
specific treatment group was also characterised by a high concentration of saturated fatty 
acids (86.00%). The highest observed PUFA concentration was 38.90%, mostly made up of 
linoleic acid, when the larvae were reared on tomato peels and seeds (Saadoun et al., 
2020). The largest difference in PUFA concentration was 27.10% (Saadoun et al., 2020). 
 
The results of the PUFA concentration meta-analysis are illustrated in Figure 6.. The Chi2 
test indicated that there was no heterogeneity among the intervention effects that needed to 
be addressed (P = 0.15). The Tau2 statistic indicated a small amount of heterogeneity and 
the I2 statistic indicated 25% heterogeneity. This amount of heterogeneity is however still 
seen as not important. The Z-test for the overall effect indicated that the rearing substrate 
composition had an effect on the PUFA concentration of the BSFL fatty acid profile as the P-





Figure 6.12: Software output of meta-analysis of the total polyunsaturated fatty acid concentration of 




The meta-analyses performed on the concentration of the individual polyunsaturated fatty 
acids (PUFAs) and the categories calculated the significance of the observed effect as well 
as the heterogeneity among the observed intervention effects. The meta-analyses also 
calculated the average effect size as means and accompanying confidence intervals, which 
can be seen in Table 6.7. These average effect sizes were expressed on the scale of the 
transformed data. Back-transformation to the original scale of concentration was considered, 
but literature suggested that this could lead to misleading results. Therefore, the results were 
interpreted on the transformed scale.  
 
Based on the average effect sizes the rearing substrate composition had the largest effect 
on the linoleic acid concentration in the BSFL fatty acid profile. Linoleic acid is the shortest 
PUFA that was identified as present in the BSFL fatty acid profile and can be used as a 
substrate for the biosynthesis of longer PUFAs. The rearing substrate composition also had 
a relatively large effect of both isomers of linolenic acid (α and γ). Three of the other PUFAs 
were found to be significantly affected by the rearing substrate composition, however not to 
the extent as was found to linoleic and linolenic acid. Arachidonic acid, which was 
significantly affected, is also known to be used as a substrate for the biosynthesis of other 
PUFAs. The other two PUFAs that were significantly affected were EPA and DHA. Black 
soldier fly larvae do not have the ability to biosynthesize these fatty acids and therefore it 
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was coherent that they were significantly affected by the rearing substrate composition. The 
lack of significant effect found for the other three PUFAs could be an indication that the 
larvae biosynthesize the required amount of these fatty acids irrespective of the rearing 
substrate composition.  
 
Table 6.7: Average effect size (with confidence intervals) of rearing substrate composition on the 
different individual polyunsaturated fatty acid concentrations calculated by the meta-analyses 







Linoleic acid 0.25 [0.18, 0.33] <0.00001 0.007 0.02 44% 
α-Linolenic acid 0.18 [0.11, 0.25] <0.00001 <0.00001 0.02 64% 
γ-Linolenic acid 0.14 [0.04, 0.25] 0.007 0.42 0.00 0% 
Stearidonic acid 0.10 [-0.01, 0.21] 0.08 0.87 0.00 0% 
Eicosadienoic acid 0.02 [-0.09, 0.14] 0.73 0.99 0.00 0% 
Arachidonic acid 0.10 [0.01, 0.19] 0.03 0.18 0.00 32% 
Eicosapentaenoic acid 0.13 [0.03, 0.23] 0.01 0.83 0.00 0% 
Docosapentaenoic acid 0.09 [-0.10, 0.28] 0.34 0.92 0.00 0% 
Docohexaenoic acid 0.13 [0.02, 0.24] 0.03 0.87 0.00 0% 
Total n-6 0.28 [0.08, 0.47] 0.006 0.03 0.03 59% 
Total n-3 0.37 [0.23, 0.51] <0.00001 0.06 0.02 51% 
Total PUFA 0.33 [0.21, 0.44] <0.00001 0.15 0.01 25% 
 
The total concentrations of omega-6 and omega-3 fatty acids in the BSFL fatty acid profile 
were both significantly affected. This is reasonable as numerous of the individual fatty acids 
that form part of these two categories were significantly affected. A larger average effect size 
was identified for omega-3 than omega-6. This also indicates that it could be possible to 
change the ratio of omega-6 and omega-3 fatty acids in the larvae to a desirable ratio for the 
larvae’s intended purpose, be that animal feed or human food. The total PUFA concentration 
of the BSFL fatty acid profile was also found to be significantly affected by the rearing 
substrate composition. The table containing the average effect sizes represents guidelines 
that could be used to determine to what extent the concentrations of different PUFAs can be 
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The primary objective of this study was to perform a systematic review of published research 
with the aim to determine the effect of rearing substrate composition on the fatty acid profile 
of the black soldier fly larvae (BSFL). Data were collected from each of the studies in an 
attempt to determine where the focus of present research lies and how it has developed and 
changed over the last decade. Meta-analyses were also performed as part of the systematic 
review to quantify the extent of the effect on the individual fatty acids using empirical data 
collected from the studies.  
 
The oldest relevant study identified through the systematic review process was published in 
2007 (St-Hilaire et al., 2007). The research interest in BSFL and their potential in different 
industries has grown since then and it seems that the number of publications annually has 
increased with each consecutive year.  
 
The three main areas of research that contributed to the collected publications were 
nutrition, waste management and biofuel production. Each one of the fields showed different 
research foci and aims. Nutrition research investigated how the use of specific substrates 
would improve the nutritional composition, especially the lipid content and fatty acid profile, 
of the BSFL. Studies either incorporated specific, sometimes unconventional, raw materials 
or by-products in the rearing substrates and evaluated the effect on the larval nutritional 
composition. Waste management research focused on the use of BSFL to manage and 
reduce various organic wastes. Numerous studies focused on both nutrition and waste 
management. Different waste products such as fish offal, oil cake and manure were used as 
rearing substrates and the effect on the larval nutritional composition was evaluated (St-
Hilaire et al., 2007; El-Dakar et al., 2021a; Schreven et al., 2021). The dual focused research 
thus investigated how BSFL could be utilised to develop a circular economy by addressing 
issues related to both nutrition and waste management. Less of the included publications 
focused on biofuel production. Those that were included did however add value to the 
collection of knowledge. The biofuel production publications tended to focus on different 
characteristics of the larval lipids. This is because the larval fatty acid profile that is desirable 
for biofuel production is different to larval fatty acid profile that nutrition-based research aims 
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to produce. The major difference is in terms of the ratio of saturated fatty acids (SFAs) to 
unsaturated fatty acids (UFAs). For biofuel production it is more suitable to use an oil that 
consists of a larger proportion of SFAs, specifically short and medium chain SFAs, as it 
decreases mechanical problems and risks of oxidation (Surendra et al., 2016). For nutritional 
research the desired fatty acid profile varied depending on the intended animal that the 
larvae would be fed to, or if they were intended for human consumption. All the publications, 
irrespective of their research field, found that the rearing substrate composition had an effect 
on the composition of the larvae. 
 
A number of more recently published studies investigated how the BSFL metabolic pathways 
function, focussing on the genes that are present in the larvae that contribute to the specific 
metabolic pathways that are involved in the synthesis, conversion and accumulation of 
specific fatty acids (Rabani et al., 2019; Hoc et al., 2020). As researchers’ understanding of 
BSFL increase so has the complexity of the research methodologies and research foci. 
 
As this study was focused on the fatty acid profile of the larvae, larval rearing trial details 
were collected from the included studies. It was found that there is still a large amount of 
variation when it comes to methodology details regarding the rearing. Variations such as 
total duration of the rearing trials, implementation of pre-harvest purging, killing method and 
life stage at harvest were encountered. Studies have indicated that methodological 
differences can influence the lipid content and the fatty acid profile of the larvae (Caligiani et 
al., 2019; Giannetto et al., 2020; Egnew et al., 2021). 
 
The aspect of the larval composition that was of major importance to this review was the 
fatty acid profile and specifically how it was affected by the rearing substrate. The BSFL fatty 
acid profile is clearly affected by the rearing substrate composition as this was found by all 
the publications that analysed the fatty acid composition. The specifics of the mechanisms 
involved and the extent to which each individual fatty acid is affected was however not 
always clarified by the publications. This indicated a gap in the knowledge regarding the 
BSFL fatty acid profile. The meta-analyses were performed with the aim on providing clarity 
regarding these questions. 
 
Interestingly, less than half of the studies that performed rearing trials reported the proximate 
composition of the rearing substrate. Even fewer studies reported the rearing substrate fatty 
acid profile. There was however an increased tendency to perform and report these 
analyses in studies that were more recently published. This indicated a shift in research from 
only investigating the effect of specific raw materials in the rearing substrate to the chemical 
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and nutritional composition of the rearing substrate and how it translates into the larval fatty 
acid profile.  
 
Through the examination and evaluation of the included publications, 26 studies (29 trials) 
were selected to be included in the meta-analysis aspect of this study. The meta-analysis 
results included the average intervention effect. This indicated the magnitude of the effect of 
the rearing substrate composition of the concentrations of individual fatty acids as well as the 
total amount of SFA, MUFA and PUFA. This provided a numeric measurement of the extent 
of change in fatty acid profile that would be achieved through rearing substrate composition 
changes. The meta-analysis results are shown in Table 7.. 
 
Table 7.1: Summary of meta-analysis statistical results 







Saturated fatty acids (SFAs)      
Capric acid 0.06 [0.02, 0.10] 0.006 1.00 0.00 0% 
Lauric acid 0.44 [0.32, 0.55] < 0.00001 0.002 0.04 49% 
Myristic acid 0.12 [0.08, 0.17] < 0.00001 0.98 0.00 0% 
Palmitic acid 0.13 [0.08, 0.19] < 0.00001 0.99 0.00 0% 
Margaric acid 0.04 [-0.02, 0.09] 0.17 1.00 0.00 0% 
Stearic acid 0.12 [0.06, 0.17] < 0.00001 0.07 0.01 29% 
Arachidic acid 0.12 [-0.03, 0.27] 0.12 <0.00001 0.03 79% 
Behenic acid 0.23 [-0.21, 0.67] 0.31 <0.00001 0.15 96% 
Total SFA 0.35 [0.25, 0.45] < 0.00001 0.12 0.01 27% 
Monounsaturated fatty acids (MUFAs)     
Myristoleic acid 0.05 [-0.02, 0.11] 0.16 1.00 0.00 0% 
Pentadecenoic acid 0.01 [-0.11, 0.12] 0.89 0.98 0.00 0% 
Palmitoleic acid 0.14 [0.09, 0.18] < 0.00001 0.51 0.00 0% 
Heptadecenoic acid 0.05 [-0.08, 0.17] 0.47 0.99 0.00 0% 




Table 7.1: Continued 
Monounsaturated fatty acids (MUFAs)     
Vaccenic acid 0.07 [0.02, 0.12] 0.005 0.95 0.00 0% 
Gondoic acid 0.05 [ -0.01, 0.11] 0.09 0.87 0.00 0% 
Total MUFA 0.26 [0.17, 0.35] <0.00001 0.04 0.02 38% 
Polyunsaturated fatty acids (PUFAs)     
Linoleic acid 0.25 [0.18, 0.33] <0.00001 0.007 0.02 44% 
α-Linolenic acid 0.18 [0.11, 0.25] <0.00001 <0.00001 0.02 64% 
γ-Linolenic acid 0.14 [0.04, 0.25] 0.007 0.42 0.00 0% 
Stearidonic acid 0.10 [-0.01, 0.21] 0.08 0.87 0.00 0% 
Eicosadienoic acid 0.02 [-0.09, 0.14] 0.73 0.99 0.00 0% 
Arachidonic acid 0.10 [0.01, 0.19] 0.03 0.18 0.00 32% 
Eicosapentaenoic acid 0.13 [0.03, 0.23] 0.01 0.83 0.00 0% 
Docosapentaenoic acid 0.09 [-0.10, 0.28] 0.34 0.92 0.00 0% 
Docohexaenoic acid 0.13 [0.02, 0.24] 0.03 0.87 0.00 0% 
Total n-6 0.28 [0.08, 0.47] 0.006 0.03 0.03 59% 
Total n-3 0.37 [0.23, 0.51] <0.00001 0.06 0.02 51% 
Total PUFA 0.33 [0.21, 0.44] <0.00001 0.15 0.01 25% 
 
As seen in the table, the total SFA, MUFA and PUFA concentrations were significantly 
affected by the rearing substrate. The SFA proportion exhibited the largest effect. The other 
two proportions also exhibited relatively large effects. This demonstrates that it is possible to 
manipulate the level of saturation of the BSFL fatty acid profile through nutritional changes in 
the rearing substrate. To better understand how these proportions are influenced, the effect 
on the individual fatty acids that contribute to the proportions should be considered. Based 
on the BSFL lipid metabolism pathways that are known, it seems that their lipid metabolism 
functions in a similar fashion to those of non-ruminant animals and thus the rearing 
substrates is a major factor influencing their fatty acid profile. The larvae have the ability to 
accumulate fatty acids acquired through their diet. They however can also biosynthesize a 
number SFAs from carbohydrates in their diet and the ability to convert fatty acids through 




There were 24 fatty acids that were reported as present in the BSFL fatty acid profile in a 
sufficient number of studies for meta-analyses to be performed. Only six of these identified 
fatty acids were consistently present in the larval fatty acid profile. These fatty acids were 
lauric, myristic, palmitic, stearic, oleic and linoleic acid. It is suggestable that these fatty acids 
are therefore the most important to the larvae. All six of them were significantly affected by 
the rearing substrate composition.  
 
7.2 Saturated fatty acids 
 
Generally, the black soldier fly larval fatty acid profile consists mostly of SFAs. Saturated 
fatty acids can contribute up to 86% of the fatty acid profile (Danieli et al., 2019). Adult black 
soldier flies do not have functional mouth parts for feeding. Therefore, they have to build up 
energy reserves during their developmental stages that can sustain them during pupation 
and adulthood. Saturated fatty acids are better suited for this function as they are less prone 
to oxidation than UFAs.  
 
Lauric acid is arguably the most prominent SFA found in BSFL (C12:0). One study reported 
that the larval fatty acid profile could contain up to 68% lauric acid as a percentage of the 
total fatty acids, which was the highest concentration reported for any individual fatty acid in 
the larvae (Jucker et al., 2017). Studies have suggested that the BSFL fatty acid profile 
contains more lauric acid compared to the fatty acid profiles of other insect species (Ewald et 
al., 2020; Oonincx et al., 2020). The meta-analysis performed on the lauric acid data in this 
review found that it was the fatty acid that exhibited the largest effect due to rearing 
substrate composition. Multiple studies stated that BSFL can contain relatively high 
proportions of lauric acid even if it is not present in the rearing substrate by using the 
available carbohydrates in the substrate to synthesize lauric acid (Spranghers et al., 2017; 
Schreven et al., 2021). It was suggested that the larval lauric acid content was increased 
when the larvae were reared on substrates that contained low concentrations of lipids. Its 
proportion to other SFAs was reduced when the concentration of the other SFAs were 
increased in the rearing substrate.  
 
Besides lauric acid, the saturated fatty acid proportion of the larval fatty acid profile was 
found to largely consist of myristic (C14:0), palmitic (C16:0) and stearic acid (C18:0). All 
three of these SFA were significantly affected by the rearing substrate composition. The 
changes in concentrations were however smaller in magnitude than that found for lauric 
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acid. It seems that the larvae have the ability to both accumulate and synthesize these fatty 
acids (Hoc et al., 2020).  
 
Three of the SFA were not significantly affected by the rearing substrate composition 
(margaric, arachidic and behenic acid). It was hypothesized that the larvae have a limited 
ability to accumulate these fatty acids. Therefore, even if the fatty acids are found in high 
concentrations in the rearing substrate, they will mostly be metabolized or converted into 
other preferred fatty acids. 
 
The publications included in this review generally reported if there were significant effects 
observed for one, generally lauric acid, or a few of the SFA. The specifics of how the 
proportions of the individual fatty acids were affected or why some were affected and others 
not was not widely discussed. This indicates potential for future research to investigate 
possible interactions between the carbohydrate content and the fatty acid profile of the 
rearing substrate in terms of the effect on the BSFL fatty acid profile.  
 
7.3 Monounsaturated fatty acids 
 
Monounsaturated fatty acids (MUFAs) make up the second largest proportion of the BSFL 
fatty acid profile after SFAs and the BSFL fatty acid profile was found to consist of up to 63% 
MUFA as a percentage of the total fatty acids (Schreven et al., 2021). This is predominantly 
attributable to oleic acid (C18:1 cis-9). After lauric acid, oleic acid seems to be present in the 
highest concentrations in the BSFL fatty acid profile and was the only MUFA that was 
identified as consistently present in the BSFL fatty acid profile. The meta-analysis results 
indicated that oleic acid exhibited the largest effect, in other words change in concentration, 
due to rearing substrate composition among the MUFAs that were analysed. 
 
Palmitoleic acid (C16:1 cis-9) is another main constituent of the MUFA present in the larval 
fatty acid profile and was identified in concentrations up to 15% of the total fatty acids in the 
larvae (El-Dakar et al., 2021a). The meta-analysis of palmitoleic acid indicates that the 
rearing substrate composition had a significant effect on the palmitoleic acid concentration. 
The effect was however smaller than the effect observed on oleic acid. Vaccenic acid (C18:1 
trans-11) and gondoic acid (C20:1 cis-11) concentrations were both found to be significantly 
affected by the rearing substrate composition. The larvae have the ability to both accumulate 
and biosynthesize some of the observed MUFA (Hoc et al., 2020; Schreven et al., 2021). It 




Three of the MUFA were not significantly affected by the rearing substrate compositions. 
They were myristoleic acid (C14:1 n-5), pentadecenoic acid (C15:1 n-5) and heptadecenoic 
acid (C17:1 n-7). The highest concentrations observed for these MUFA in the BSFL fatty 
acid profile were lower than any of the other MUFA. They were also found to be frequently 
absent from the BSFL fatty acid profile. This may indicate that they are of less importance to 
the larvae and that they are only accumulated in small quantities. As previously stated, the 
larvae have the capability to biosynthesise MUFAs from SFAs. Therefore, it is likely that the 
effects observed on the SFA concentrations would also be reflected in the MUFA 
concentrations. 
 
7.4 Polyunsaturated fatty acids 
 
Polyunsaturated fatty acids (PUFAs) generally contribute a smaller proportion of the BSFL 
fatty acid compared to the SFAs and MUFAs. Multiple studies that were included in the 
systematic review focused on the concentration of PUFAs in the BSFL, specifically omega-3 
fatty acids (Barroso et al., 2019; Erbland et al., 2020; Oonincx et al., 2020; El-Dakar et al., 
2020, 2021b; Hoc et al., 2021).  The two PUFAs that are arguably the most important 
PUFAs in the BSFL fatty acid profile are linoleic acid (C18:2 n-6) and α-linolenic acid (C18:3 
n-3). The meta-analysis results indicated that they were the PUFAs that experienced the 
largest significant effects due to the rearing substrate composition. Linoleic acid was 
however the only PUFA that was consistently present in the BSFL fatty acid profile.  
γ-Linolenic acid (C18:3 n-6), an isomer of linolenic acid also exhibited a relatively large 
effect. Eicosapentaenoic acid (C20:5 n-3) and docohexaenoic acid (C22:6 n-3) are also two 
PUFAs that are of importance in nutritional research due to their reported health benefits for 
humans and animals. Eicosapentaenoic and docohexaenoic acids were not always present 
in the larvae, but were found in relatively high concentrations in the larvae when they were 
present in the rearing substrate (Truzzi et al., 2020). It appears that the larvae do not have 
the ability to synthesize these two PUFAs, but rather accumulate them directly from the 
rearing substrate. 
 
The concentrations of the individual PUFAs also determine the omega-6 to omega-3 ratio of 
the BSFL fatty acid profile. The meta-analyses performed on the total omega-6 and total 





The meta-analyses suggested that three of the PUFAs were not significantly affected by the 
rearing substrate. These PUFAs were stearidonic acid (C18:4 n-3), eicosadienoic acid 
(C20:2 n-6) and docosapentaenoic acid (C22:5 n-6). All three of these PUFAs were reported 




The consolidated qualitative data collected from all the publications that were included in this 
study showed that there has been a great deal of progress in research surrounding the 
nutritional value of BSFL lipids and how their fatty acid profiles are affected by the 
composition of the rearing substrate. It does however also highlight the lack of 
standardisation regarding the larval rearing trial methodology and analysis reporting.  
 
The meta-analysis results gave an indication of the most prominent fatty acids that are 
present in the BSFL and which fatty acids seem to invariably be present in the larvae. The 
relative extent to which the concentrations of the individual fatty acids could be manipulated 
through changes in the rearing substrate composition is awarded a level of clarity by the 
average effect sizes reported by the meta-analyses. It appears that the concentrations of the 
individual SFAs, notably lauric acid, are affected by the fatty acid profile and the 
carbohydrate content of the rearing substrate. The concentrations of the individual MUFAs 
and PUFAs are also affected by the fatty acid profile of the rearing substrate. More 
specifically an individual MUFA of PUFA concentrations in the BSFL will increase if it is 
present in higher concentrations in the rearing substrate. This was seen especially as 
pertaining to eicosapentaenoic acid and docohexaenoic acid. 
 
These results, together with the collected data regarding the observed minimum and 
maximum concentrations of the individual fatty acids, could assist the development of more 
dynamic larval rearing substrate formulation. This could aid in the successful production of 
BSFL that have a fatty acid profile that is tailored to more closely meet the fatty acid 
requirements of their intended use. More research should however be done on how rearing 
substrate composition interacts with other factors, such as rearing environment and 
genetics, that affect the BSFL fatty acid profile.  
 
The systematic review that was conducted for this study illustrated the extent of the research 
that has been done on the fatty acid profile of the BSFL. It also showed that there are still 
gaps in the knowledge regarding the larvae’s ability to accumulate and synthesize the 
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Table A 1: List of included studies and indication of meta-analysis inclusion 
Study reference Inclusion in meta-analyses 
(Abduh et al., 2018) No 
(Alifian et al., 2019) No 
(Barbi et al., 2020) No 
(Barragan-Fonseca et al., 2017) No 
(Barroso et al., 2017) Yes 
(Barroso et al., 2019) Yes 
(Bbosa et al., 2019) No 
(Benzertiha et al., 2020) No 
(Caligiani et al., 2018) No 
(Caligiani et al., 2019) No 
(Campbell et al., 2020) No 
(Cullere et al., 2019) No 
(Danieli et al., 2019) Yes 
(Egnew et al., 2021) No 
(El-Dakar et al., 2020) No 
(El-Dakar et al., 2021b) Yes 
(El-Dakar et al., 2021a) Yes 
(El-Dakar et al., 2021c) Yes 
(Erbland et al., 2020) No 
(Ewald et al., 2020) Yes 
(Fischer et al., 2021) Yes 
(Galassi et al., 2021) Yes 




Table A 1: Continued 
Study reference Inclusion in meta-analyses 
(Giannetto et al., 2020) No 
(Grossule et al., 2020) No 
(Guil-Guerrero et al., 2020) Yes 
(Hoc et al., 2020) No 
(Hoc et al., 2021a) Yes 
(Hoc et al., 2021b) Yes 
(Jucker et al., 2017) Yes 
(Jucker et al., 2020) No 
(Kawasaki et al., 2019) No 
(Kieronczyk et al., 2020) No 
(Koutsos et al., 2019) No 
(Kuppusamy et al., 2020) No 
(Leong et al., 2015) No 
(Leong & Kutty, 2020b) No 
(Leong & Kutty, 2020a) No 
(Liland et al., 2017) Yes 
(Liu et al., 2017) No 
(Liu et al., 2018) No 
(Matthaeus et al., 2019) No 
(Meneguz et al., 2018) Yes 
(Mohamad et al., 2020) No 
(Mohd-Noor et al., 2017) No 
(Nguyen et al., 2015) No 




Table A 1: Continued 
Study reference Inclusion in meta-analyses 
(Oonincx et al., 2015) Yes 
(Oonincx et al., 2020) Yes 
(Opatovsky et al., 2021) No 
(Pang et al., 2020) No 
(Pastor et al., 2015) No 
(Rabani et al., 2019) No 
(Riudavets et al., 2020) No 
(Romano et al., 2021) Yes 
(Saadoun et al., 2020) Yes 
(Scala et al., 2020) No 
(Schreven et al., 2021) Yes 
(Shumo et al., 2019) No 
(Somroo et al., 2019) Yes 
(Spranghers et al., 2017) No 
(Starcevic et al., 2019) Yes 
(St-Hilaire et al., 2007) Yes 
(Surendra et al., 2016) No 
(Surendra et al., 2020) No 
(Truzzi et al., 2020) Yes 
(Wang et al., 2020) Yes 
(Weru et al., 2021) No 




Table A 2: List of studies included in meta-analyses 
Studies included in meta-analyses 
(Barroso et al., 2017) 
(Barroso et al., 2019) 
(Danieli et al., 2019) 
(El-Dakar et al., 2020) 
(El-Dakar et al., 2021a) 
(El-Dakar et al., 2021b) 
(Ewald et al., 2020) 
(Fischer et al., 2021) 
(Galassi et al., 2021) 
(Gao et al., 2019) 
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(Hoc et al., 2021a) 
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Figure B 1: Software output of second meta-analysis of arachidic acid concentration of black soldier 
fly larval fatty acid profile 
 
 
Figure B 2: Software output of second meta-analysis of behenic acid concentration of black soldier fly 
larval fatty acid profile 
 
Figure B 3: Software output of preliminary meta-analysis of eicosapentaenoic acid concentration of 
black soldier fly larval fatty acid profile 
 
Figure B 4: Software output of preliminary meta-analysis of docohexaenoic acid concentration of 
black soldier fly larval fatty acid profile 
Study or Subgroup
Barroso et al 2017
Romano et al 2021
Saadoun et al 2020
Schreven et al 2021
Fischer et al 2021
Guil-Guerrero et al 2020
Galassi 2021
Truzzi et al 2020
Total (95% CI)
Heterogeneity: Tau² = 0.00; Chi² = 1.70, df = 6 (P = 0.95); I² = 0%
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Danieli et al 2019
Schreven et al 2021
Truzzi et al 2020
Total (95% CI)
Heterogeneity: Tau² = 0.00; Chi² = 0.05, df = 1 (P = 0.83); I² = 0%
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